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Summary
The quantitative nondestructive evaluation (NDE) of cement-based materials is
a critical area of research that is leading to advances in the health monitoring and
condition assessment of the civil infrastructure. Ultrasonic NDE has been imple-
mented with varying levels of success to characterize cement-based materials with
complex microstructure and damage. A major issue with the application of ultrasonic
techniques to characterize cement-based materials is their inherent inhomogeneity at
multiple length scales. Ultrasonic waves propagating in these materials exhibit a high
degree of attenuation losses, making quantitative interpretations difficult. Physically,
these attenuation losses are a combination of internal friction in a viscoelastic material
(ultrasonic absorption), and the scattering losses due to the material heterogeneity.
The objective of this research is to use ultrasonic attenuation to characterize the
microstructure of heterogeneous cement-based materials. The study considers a real,
but simplified cement-based material, cement paste - a common bonding matrix of all
cement-based composites. Cement paste consists of Portland cement and water but
does not include aggregates. First, this research presents the findings of a theoretical
study that uses a set of existing acoustics models to quantify the scattered ultrasonic
wavefield from a known distribution of entrained air voids. These attenuation results
are then coupled with experimental measurements to develop an inversion procedure
that directly predicts the size and volume fraction of entrained air voids in a cement
paste specimen. Optical studies verify the accuracy of the proposed inversion scheme.
These results demonstrate the effectiveness of using attenuation to measure the aver-
age size, volume fraction of entrained air voids and the existence of additional larger
xviii
entrapped air voids in hardened cement paste. Finally, coherent and diffuse ultrasonic
waves are used to develop a direct relationship between attenuation and water to ce-
ment (w/c) ratio. A phenomenological model based on the existence of fluid-filled
capillary voids is used to help explain the experimentally observed behavior.
Overall this research shows the potential of using ultrasonic attenuation to quan-
titatively characterize cement paste. The absorption and scattering losses can be
related to the individual microstructural elements of hardened cement paste. By tak-
ing a fundamental, mechanics-based approach, it should be possible to add additional
components such as scattering by aggregates or even microcracks in a systematic fash-






Cement-based materials are defined as any material that uses a mineral cement as a
binder. Cement-based materials are critical building materials worldwide, with over
500 million tons produced annually in the United States alone [1]. The desired me-
chanical properties of cement-based materials can be readily improved by modifying
the constituent components (water, cement and additives) and their relative propor-
tions. However, improper mix design or manufacture can cause inherent defects or
local imperfections. These defects can severely deteriorate material’s the mechani-
cal properties, thus jeopardizing the structural integrity and durability of the entire
structure.
Characterization and condition assessment tools are needed to provide the basis for
decisions on maintenance, repair and strengthening. Current assessment practice for
much of the civil infrastructure consists of a visual inspection. Condition assessment
is also carried out with nondestructive, or partly destructive evaluation methods. For
example a hammer for sounding, ultrasonic velocity measurements, pull-out tests,
electro-magnetic detections, and potential mappings can be used. Destructive meth-
ods are also available. Samples taken from a structure by core drilling can be analyzed
1
visually as well as with laboratory tests. Carbonation depth, determination of resis-
tance to frost and salt scaling, as well as mechanical strength tests, can be carried out
on these samples. The criteria of damage are expressed in terms of visual appearance
and level concentration of depositions.
The importance of nondestructive evaluation techniques in inspection of concrete
structures has increased during the last few decades. New nondestructive evaluation
techniques have been created and the ones that already existed have been perfected
and their applicability extended. Because of the non-invasive nature, nondestruc-
tive evaluation techniques have several advantages when compared to conventional
destructive techniques. Some nondestructive evaluation methods based on the propa-
gation of the mechanical stress waves are frequently used to assess distributed damage
in materials. Properties of the propagating pulses after travelling through the dam-
aged materials are compared with that of waves propagating through an undamaged
sample to reveal microscopic changes and damaged in the inspected material’s struc-
ture. Examples are acoustic emission, electrical methods, impact-echo, magnetic,
radar, sonic, surface hardness, thermography, and ultrasonic.
1.2 Review of ultrasonic techniques
Previous researchers have been successful in relating the attributes of ultrasonic waves
with specific material microstructure parameters in metal and ceramic materials. Tru-
ell and Hikata [2], Bratina and Mill [3], and Joshi and Green [4], for example, have
successfully used the attenuation of longitudinal waves as an indicator of the fatigue
damage in metals in which dislocation, microcrack, and non-uniform plastic deforma-
tion are the dominant attenuation mechanisms. Another example of the application
2
of amplitude attenuation is its use in characterizing the grain size distribution in
polycrystalline materials and the cavity in metals [5].
The theoretical background for the use of ultrasonic wave scattering by inhomo-
geneities, such as grains and air voids, can also be found in Roney [6], Gubernatis
and Domany [7], and Sayers [8]. As reported by Adler et al [9], Nair et al. [10], Kumar
et al. [11], and Smith [12], there is a great deal of research on this topic. Attenuation
of the longitudinal wave in fiber-reinforced composites has also been investigated by
Mal et al. [13]. Attenuation of waves in graphite-epoxy composites laminates was
studied through an ultrasonic experiment and theoretical analysis of the recorded
waveforms. The specimens were immersed in water, insonified by a beam of acous-
tic waves from a broadband transducer, and the reflected signals are recorded by a
second transducer in a pitch-catch arrangement. Results were presented for four uni-
directional specimens of different thickness. A simple mode of wave dissipation was
proposed and calculations based on wave propagation in the laminate were carried
out. Their assumed attenuation model showed excellent agreement between measured
and calculated waveforms in all four cases.
The investigation of multiple scattering of elastic waves in a fiber-reinforced com-
posite was reported by Yang and Mal [14]. Both anti-plane (horizontally polarized
shear waves) and in plane waves (longitudinal and vertically polarized shear waves)
cases were considered in their studies. A multiple scattering theory and a statistical
averaging procedure were implemented by means of so called Generalized Self Con-
sistent Model. The effective phase velocity and attenuation of the coherent waves
were calculated for a wide range of frequencies and fiber concentrations. The degree
of interaction between fibers was determined and the average strain was calculated in
a given inclusion by direct analysis and approximate homogenization was compared.
3
Their proposed method recovered three well-known static effective moduli of fiber-
reinforced composites in the Rayleigh limit and their results at higher frequencies are
physically reasonable.
1.3 Review of ultrasonic characterization of cement-
based materials
In comparison, there has been a limited success in similar applications in cement-based
materials. Many investigators [15– 20] have recently performed experimental studies
and develop understanding of ultrasonic wave propagation in cement-based materi-
als. They are motivated principally by the two important considerations: achieving
a greater understanding of the role of microstructure in determining the mechanical
properties of concrete and developing non-destructive tool for the in situ assessment
of the remaining life potential of concrete structures. As far as the characterization
of microstructure using ultrasonic measurement is concerned, this class of material is
quite challenging. At first, the cement-based materials structure can be interpreted as
a hierarchy of distinct levels, each possessing a characteristic length scale (Fig. 1.3),
following Mehta and Monteiro [21].
At a scale of meters, e.g. concrete is considered a homogeneous material with specific
engineering properties such as compressive strength, elastic modulus, and thermal
expansion. At a scale of millimeters, concrete is a composite of entrained, entrapped
air-filled voids and aggregates (0.1-30 mm in diameter) that are randomly dispersed
in a matrix of cement paste (i.e., the solid that forms when cement reacts with water).
At a scale of micrometers, cement paste is a composite of cement grains interspersed













Figure 1.1: Multi-length scales existing in cement-based materials microstructure
soluble in water Ca(OH)2 and a crystalline calcium silicate hydrate known as C-S-H;
these products generally fail to fill all the space originally occupied by water, thus
creating so called capillary pores in the paste. At a scale of tens of nanometers, the
structure of C-S-H, resembling that of a particulate gel, is envisioned as agglomerates
of approximately 10-20 nm in diameter that are subdivided into smaller particles ap-
proximately 5 nm across; this structure describes C-S-H at the particle level. At a
scale of several nanometers, that is, at the sub-particle level, the structure of C-S-H
resembles that of a disordered layered silicate. These heterogeneous length scales are
seen at multiple ultrasonic wavelengths. As a result, ultrasonic waves that propagate
in cement-based materials exhibit a high degree of material attenuation losses (i.e.,
absorption and scattering losses). That is, the recorded ultrasonic signal amplitude
substantially decreases as ultrasonic waves propagate through several thicknesses and
thus it is difficult to obtain and interpret actual signal amplitude transmitted into and
out from the tested specimens. In addition to the dispersive nature of cement-based
materials, it is often time very difficult to experimentally measure attenuation. There
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are many external factors that affect the measurement of wave amplitudes. These
factors include the system setting, coupling conditions between the transducer and
the specimen being tested.
The understanding of the effects of each of the cement-based materials components,
including concrete, mortar, paste, aggregates, cracks, and voids on attenuation char-
acteristics is essential for the application of ultrasonic technique to characterize cement-
based materials. Few researchers have attempted to perform attenuation and disper-
sion measurements in cement-based materials. The results of research by Suaris and
Fernando [22] demonstrate the possible utilization of ultrasonic longitudinal wave
attenuation to measure the growth of damage during cyclic loading of concrete spec-
imens. A specially made transducer ring was used to hold the transducer in the
circumference of a concrete cylinder when a compressive load was applied. Suaris
and Fernando [22] reported a a substantial decrease in waveform amplitude, but lit-
tle change in the longitudinal wave velocity during the compression test. Selleck et
al. [23] performed an ultrasonic experiment by placing the freeze-thaw and salt scaling
damaged concrete specimens inside a water tank. Distributed micro cracks and micro
voids were produced by the freeze-thaw and salt scaling cycling. Their results show a
slight variation of longitudinal wave velocity and a significant loss of ultrasonic am-
plitude in freeze-thaw and salt scaling damaged specimens. However, the feasibility
of placing materials inside the water tank makes it unrealistic for practice.
Analysis of the longitudinal wave frequency spectrum for ultrasonic propagation in
concrete have been conducted by Gaydecki et al. [24], Li [25], Berthelot et al. [26],
and Daponte et al [27]. Gaydecki et al. [24] illustrated the derivations of the atten-
uation of exciting frequency as a function of the inhomogeneity and damage to the
tested medium, as well as the propagation distance of the wave. Li on the other hand
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studied the ultrasonic frequency spectrum of the longitudinal wave in concrete using
compositions, including compact concrete, loose concrete, and concrete with voids.
The results from his study showed that there is a shift of the peak exciting frequency
in the frequency spectrum obtained from different specimens and that can be used
to characterize concrete specimens with high porosity, cracking or severe segregation.
Daponte et al. [27] indicated the use of Segmented Chirp Z-transform in the frequency
domain analysis for the detection and monitoring of the crack growth in structural
materials. However, the difficulty in separating the longitudinal and surface Rayleigh
wave from the received ultrasonic signal makes this approach challenging in practical
use.
Recent studies by Landis [17], Schickert [18], Popovics et al. [20], Jacobs and Owino
[16] have quantified the effect of aggregate on the measured attenuation losses. These
works assumed coherence between ultrasonic source and received signals and that
they measured the combined attenuation due to absorption (viscoelastic effects) and
scattering effects, although different setups wave types (longitudinal waves or sur-
face Rayleigh waves) and specimens were used. Anugonda et al. [19] and Becker
et al. [28] applied statistical incoherentness approach as well as diffusion theory to
cement-based materials to calculate diffusion parameters (related type attenuation
coefficients). Obvious changes in diffusion properties were found to resolve the differ-
ences in features of the microstructure of the specimens. Their studies illustrate the
potential viability of this technique but do not conclusively provide a quantitative the-
oretical connection about the size or volume fraction of the microstructure of interest.
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1.4 Thesis objective and hypothesis
The objective of this thesis is to develop a quantitative understanding of ultrasonic at-
tenuation characteristics in cement paste. This study considers a real, but simplified
cement-based material, cement paste, which consists of Portland cement and water,
but does not include any fine or coarse aggregates. Cement paste is the binding ma-
trix of all cement-based materials, and a quantitative understanding of attenuation
in this material is a critical step in the understanding of ultrasonic wave propagation
in concrete components. Better understanding in ultrasonic attenuation behavior in
cement paste leads to the development of the measurement approach that uses ul-
trasonic attenuation to characterize microstructure of heterogeneous cement based
materials.
The major hypothesis of this research is that the absorption and scattering attenua-
tion of ultrasonic wave propagating through hydrated cement paste arising from the
interaction of waves with air voids and hydrated cement paste matrix, and this varies
with frequency. Experimental determination of frequency dependent attenuation can
be used to quantitatively differentiate microstructure features (such as entrained air
void size and volume fraction) of the hydrated cement paste. The results of the study
provide a basic understanding of the effect of entrained air voids on the propagation
of ultrasonic waves in the hydrated cement paste microstructure as well as supply-
ing a first step in the characterization of the more heterogeneous microstructure in
cement-based materials.
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1.5 Structure of dissertation
First, this research presents the findings of the effect of distributed multiple spherical
air-filled voids on systematic experimental measured attenuations obtained from ce-
ment paste specimens produced with and without a moderate percentage of entrained
air voids. Next, a theoretical attenuation study, which uses a set of existing acoustics
models to quantify scattered ultrasonic wavefield from a known distribution of air
voids, is coupled with experimental measurements to develop an inversion procedure
that directly predicts the size and volume fraction of entrained air voids cement paste
specimens. Optical studies verify the accuracy of the proposed inversion scheme.
These results demonstrate the effectiveness of using attenuation to measure the aver-
age size, volume fraction of entrained air voids and the existence of additional larger
entrapped air voids in hardened cement paste. Finally, coherent and diffuse ultra-
sonic waves are used to develop a direct relationship between attenuation and water
to cement (w/c) ratio. A phenomenological model based on the existence of fluid-
filled capillary voids is used to help explain the experimentally observed behavior.
Overall this research shows the potential of using ultrasonic attenuation to quantita-
tively characterize cement paste. The absorption and scattering losses can be related
to the individual microstructural elements of hardened cement paste. By taking a
fundamental, mechanics-based approach, it should be possible to add additional com-
ponents such as scattering by aggregates or even microcracks in a systematic fashion
and eventually build a realistic model for ultrasonic wave propagation study for con-
crete.
The cement-based materials background is given in chapter 2. Chapter 3 provides a
background on wave propagation. Experimental and signal analysis used in this thesis
is given chapter 4. Chapter 5 demonstrates the use of longitudinal wave attenuation
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measurements to characterize entrained air voids in cement pastes. A theoretical
model for attenuation behavior of longitudinal waves is applied to a two component
system composed of entrained air voids and viscoelastic cement paste matrix (fol-
lowing Biwa [29]). The model is based on the evaluation of the energy loss of the
propagating coherent wave due to the scattering by entrained air voids as well as the
intrinsic absorption in the viscoelastic cement paste matrix. This model is used to
demonstrate the influence of air void size and volume fraction on the attenuation coef-
ficients. Next attenuation experiments (in the frequency range of 500kHz-5MHz) are
performed in cement paste specimens with and without entrained air voids. Finally,
an inversion procedure is used to predict the average size and the volume fraction
of the entrained air voids. Chapter 6 presents the results of an experimental pro-
gram carried out in order to quantify the effectiveness of using the inversion scheme
to measure the average size and volume fraction of entrained air voids in hardened
cement paste specimens. Attenuation coherent measurements are performed on a set
of cement paste specimens with entrained air void contents that vary between 0 to
10%, and an inversion procedure (based on a theoretical attenuation model discussed
and shown in chapter 5) is used to predict the average size and volume fraction of
entrained air voids in each specimen, The accuracy of these ultrasonic predictions is
verified with a direct comparison to optical results. There is very good agreement
between the two set of values, demonstrating the effectiveness of using ultrasonic
technique to measure air void properties. A final component discussed in the chap-
ter is a direct relationship between attenuation and w/c ratio. A phenomenological
model based on the existence of fluid-filled capillary voids is used to help explain
the experimental observed absorption attenuation behavior in cement paste. Chap-
ter 7 presents attenuation measurements using a statistical diffuse field measuring
approach. As described in chapter 4, after wave propagating several distances away
(or experiencing many scattering events) the average coherent wave loses its validity
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and the incoherent (diffuse) wavefield gains importance. Experimentally measured
ultrasonic waves can be interpreted using diffusion theory. The theory quantitatively
separates absorption and scattering attenuations in terms of dissipation and diffusion
coefficients. Extensive experimental results and discussions of the methods used for
recovering dissipation and diffusion coefficients are described. The effect of cement
paste matrix, entrained air voids, and w/c ratio on these parameters is shown. Finally,
the quantitative connection between the two parameters obtained in this chapter and
the attenuation coefficients obtained from the previous chapter is discovered and dis-
cussed. Conclusions and recommendations for future work are given in Chapter 8.
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CHAPTER 2
Background on cement-based materials
Cement-based materials may be considered to consist of two phases: aggregates and
hydrated cement paste (or a binder). The hydrated paste is comprised of cement,
supplementary cementitious materials, water, and their reaction products. The paste
binds the aggregates (typically sand, gravel or crushed stone of varying size and shape)
and forms a rock-like mass.
2.1 Structure of the aggregate phase
The aggregate phase is generally divided into two groups: fine and coarse. Fine
aggregates consist of natural or manufactured sand with solid particle sizes ranging
from micron-sized fines up to 10 mm; coarse aggregates are those with particles
ranging in bigger size. The chemical or mineralogical composition of the solid phases
in aggregate is usually less important than the physical characteristics such as the
volume size, and distribution of internal pores. In addition, the shape and texture
also affect many properties of cement-based materials. For instance, the higher the
proportion of elongated and flat aggregate particles, the greater tendency for water
films to accumulate next to the aggregate surface causing the important phenomenon
known as internal bleeding thus weakening the cement paste-aggregate interface so
called the transition zone.
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2.2 Structure of the hydrated cement paste
The structure of hydrated cement paste develops as a result of chemical reaction
between the Portland cement and water. A summary of the structural composition
of the hydrated cement paste is given in Fig. 2.1 as reproduced from Menta and
Monteiro [21] and will be discussed here.
Figure 2.1: Dimensional range of solid and pore phases in hydrated cement paste [21]
2.2.1 Solids in hydrated cement paste
The types, amounts, and characteristics of the four principal solid phases generally
present in a hydrated cement paste and that can be resolved by the use of electron
microscope. They are as follows
Calcium Silicate Hydrate, abbreviated as C-S-H, makes up 50 to 60 percent
of the volume of solids in a completely hydrated Portland cement paste.The
exact structure of C-S-H is not known. The colloidal dimensions a tendency
to cluster full of crystals can only be resolved with the advent of electron mi-
croscopy.
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Calcium Hydroxide, abbreviated as Ca(OH)2 are crystals. They constitute
20-25 percent of the volume of solids in the hydrated cement paste. In contrast
to the C-S-H, the calcium hydroxide is a compound with a distinctive hexagonal
prism geometry. The presence of a large amount of calcium hydroxide adversely
affect durability of hydrated cement paste to acid solutions because of the higher
solubility of calcium hydroxide than C-S-H.
Calcium Sulfoaluminates including ettringite and monosulfate hydrate, oc-
cupy about 15 to 20 percent of the solids volume in the hydrated cement paste.
Again, it is a compound with a distinctive needle-shaped prismatic crystals.
Unhydrated cement particles Depending on the rate of chemical reaction
between water and cement particle, a small percentage of unhydrated cement
particles can be found.
2.2.2 Voids in hydrated cement paste
In addition to the solid phases, which the aforementioned chemical reactions have
produced significantly affects the properties of the hydrated cement paste. Hydrated
cement paste contains several types of voids which also have important influence on
hydrated cement paste properties. Through the use of electron microscopy, four types
of voids can be found. They are discussed as follows.
Interlayer space in C-S-H also called “gel pores” have a volume equal to
about 28% porosity in the hydrated solid paste and dimensions ranging from a
few fraction of nm to several nm. These voids do not affect the durability of
hydrated cement paste and its protection of the reinforcement because they are
too small to allow significance transport of aggressive species.
Capillary voids are the voids not filled by the solids products of hydration of
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cement paste. They have dimensions of 10 to 50 nm if the cement paste is well
hydrated and produced using low water/cement ratios, but can also reach up
to 3-5 µm if the paste is made using high water/cement ratios or it is not well
hydrated.
Entrained air voids are the spherical air voids with diameters greater than
10 µm and less than 1 mm. They are introduced into the hydrated cement
paste intentionally by means of synthetic air entraining admixtures, so as to
produce resistance to freeze-thaw cycles when concrete is exposed to saturated
condition during the winter. The practice of using entrained air in concrete has
in generally been highly successful with few exceptions. These voids are capa-
ble of adversely affecting the compressive strength. For typical trial mixture,
each 1% of added air entrainment results in a 3% to 5% loss in compressive
strength (see Figure 2.2). Recently, efforts are now undertaken to understand
the mechanisms of air entrainment, and testing procedures for determination of
air entrained content and void characteristics in the hydrated cement paste.
Entrapped air voids are the larger pores of dimensions of up to a few mm and
are the result of the air entrapped during the mixing process and not removed
by the compaction of the fresh material. These voids are much bigger than the
capillary voids. They are relevant to the durability of cement-based materials
and its protection of the reinforcing steel. Entrapped air can be reduced by
providing adequate workability to the fresh mix and proper compaction.
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Figure 2.2: Approximate relationship between compressive strength and water to
cementing materials ratio of entrained air vs. non entrained air concrete [21]
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2.3 Factors to control the structure of hydrated
cement paste
The ratio of water to cement materials together with curing are the two prime factors
to control the aforementioned solid and void phases in the structure of hydrated
cement paste. As indicated in Fig. 2.3 reproduced from Mehta and Monteiro [21], the
gross volume of the cement mixture practically does not change during the hydration
of cement paste.
Figure 2.3: Schematic representation of the volumetric proportions in cement paste
before and during hydration [21]
That is the initial volume of the system equals to the sum of the volumes of mixed
water and cement particles is equal to the volume of the hydration products which is
the sum of the volume of unhydrated cement grains, hydrated solid products, spaces
that are filled by water or by air. The volume of the products of hydration can be
assumed to be double that of the cement from which they form [30]; hence during
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hydration the hydration products fill the space previously occupied by the cement
that has hydrated and part of the surrounding space initially occupied by water.
Therefore, if the cement-water mixture is kept moist (curing), the hydration proceeds
and the volume of the pores decreases and will reach a minimum when the hydration
has completed.
2.4 Time-dependent behavior
Once the hydration is completed, the casts of the original space occupied earlier by
water and air are left behind. It is not surprising to find that structure of cement-
based materials, especially the structure of hydrated cement paste shrinks as it dries
out, so a knowledge of the changes in morphology that occur upon drying helps the
understanding and prediction of shrinkage. In addition, hydrated cement paste de-
form progressively once subjected to a sustained load as it is said to creep. Conversely,
when it is subjected to a constant strain level, the stress decreases with time and it
is called relaxation of stresses [21]. The creep and relaxation of stresses are the two
important phenomena in viscoelastic materials. Viscoelastic material behavior leads
to attenuation that is known as material absorption [31].
2.5 Freeze-thaw deterioration
When saturated or near-saturated cement-based materials are exposed to alternating
cycles of freezing and thawing, internal damage can result. As this damage accu-
mulates, it is referred to as freeze-thaw deterioration. Freeze-thaw deterioration can
occur in both the structure of the aggregate and hydrated cement paste of cement-
based materials. A more detailed description of freeze-thaw deterioration of each
phase is discussed as follows.
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2.5.1 Freeze-thaw deterioration of aggregate
Freeze-thaw deterioration of aggregate is a distress associated with freezing and thaw-
ing of susceptible coarse aggregate particles in cement-based materials. Most sus-
ceptible aggregates are of sedimentary origin and are most commonly composed of
limestone, dolomite or chert [32]. Such aggregates either fracture and or dilate as
they freeze, resulting in cracking of the surrounding matrix. The best means of pre-
venting freeze-thaw deterioration of aggregate is by prohibiting the use of susceptible
aggregate, or creating a protective hydrated cement paste to prevent excess moisture
buildup.
2.5.2 Freeze-thaw deterioration of hydrated cement paste
Hydrated cement paste freeze-thaw damage is considered to be a physical phenomenon
arising from excess internal pressure buildup resulting from the freezing action of wa-
ter. Damage related to freezing and thawing of saturated or near-saturated hydrated
cement paste can occur internally or at the surface. To protect hydrated cement
paste from freeze-thaw damage, the hydrated cement paste should be air-entrained
by adding a surface active agent to the cement mixture. This creates a large number
of small spherical air voids known entrained air voids in the hydrated cement paste.
The entrained air voids relieve the pressure build-up by acting as expansion cham-
bers. An excellent review of the literature related to this phenomenon is provided by
Powers [33] and recently by Du and Folliard [34]. According to ACI [35], about 3−8%
entrained air contents of concrete is recommended and the entrained air voids should
be well distributed within the hydrated cement paste. Adapted from ACI committee
201 report [35], Table ? shows a typical requirement for the air contents for frost
resistance concrete given for the two conditions of exposure: severe and moderate.
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Table 2.1: Recommended air contents for frost-resistance concrete [35]
Nominal maximum Average air content, (%)∗
aggregate size, in. (mm) Severe exposure† Moderate exposure‡
3/8 (9.5) 7-1/2 6
1/2 (12.5) 7 5-1/2
3/4 (19.0) 6 5
1 (25) 6 5
1-1/2 (37.5) 5-1/2 § 6 §
3 (75) 4-1/2 § 3-1/2 §
6(150) 4 3
∗ A reasonable tolerance for air content in field construction is ± 1 − 1/2%
† Outdoor exposure in a cold climate where the concrete maybe in almost continuous
contact with moisture before freezing or where deicing salts are used. Examples are
pavements, bridge decks, sidewalks and water tanks.
‡ Outdoor exposure in a cold climate where the concrete will be only occasionally ex-
posed to moisture before freezing and where no deicing salts will be used. Examples
are certain exterior walls, beams, girders, and slabs not in direct contact with soil.
§ These air contents apply to the whole as for the preceding aggregate sizes. When
testing these concretes, however, aggregate larger than 1-1/2 in. (37.5 mm) is removed
by handpicking or sieving and the air content is determined on the minus 1-1/2 in.
(37.5 mm) fraction of the mixture. (The field tolerance applies to this value.) From
this, the air content of the whole mixture is computed.
Note: There is conflicting opinion on whether air contents lower than those given in
the table should be permitted for high-strength (approximately 5500 psi)(37.8 MPa)
concrete. The committee believes that where supporting experience and experimental
data exist for particular combinations of materials, construction practices and expo-
sure, the air contents can be reduced by approximately 1%. (For nominal maximum
aggregate sizes over 1-1/2 in. (37.5 mm), this reduction applies to the minus 1-1/2
in.(37.5 mm) fraction of the mixture.
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2.6 Methods for characterization of air-void sys-
tem in hydrated cement paste
Despite the overall successful application of air entraining agents in concrete, it is
important to ensure that an adequate system of air entrainment in terms of both the
volume of air, the typical size of the air void, and the spacing of the voids-is achieved
in ensure adequate durability. Several methods can be used for measuring air void
content in hydrated cement paste. The more or less sophisticated ways such as the
measurement of the penetration of mercury under pressure, or by the measuring the
loss of moisture in a saturated sample equally yield the same result. Recently, how-
ever, it has been established that these measurements can alter the geometry of the
air-void system [36], which may result in an erroneous data thus other methods are
now commonly used instead.
The more actively used methods in examination of air void content in hydrated ce-
ment paste are the pressure method, the volumetric method and the gravimetric
method [37– 38]. The pressure method is based on the principle that only signifi-
cantly compressible ingredient of fresh cement mix is the air. The volumetric method
relies on simple displacement of air with water in a vessel of pre-calibrated volume.
The gravimetric method can be used to determine the air content based on the unit
weight of fresh cement paste. The specific gravities (densities) of all materials must
be known so that the theoretical unit weight (without air) can be determined and
then compared with the actual unit weight to determine air content. The actual unit
weight is determined by weighing a known volume of fresh cement mixes.
When air void content in fresh cement paste is compared to air content in hydrated
cement paste, differences can exist. The way cement paste is produced and handled
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can have a significant effect on its air content and its air-void system. Variables as-
sociated with production include the methods of batching, mixing procedures, and
time and speed of mixing. Construction-related variables and field conditions such as
transport and delivery, retempering, placement, consolidation, finishing, and temper-
ature can also greatly alter the air content and the air-void system of cement paste.
To obtain air void content in hydrated cement paste, it is often time needed for a
polished section of hydrated cement paste to be taken from a laboratory beam, field
cylinder, or core and tested by a petrographer according to ASTM C457, Standard
Test Methods for Microscopically Determination of Parameters if the Air-Void System
in Hardened Concrete [39]. The results of this test are neither timely nor inexpensive.
The method also yields the total air content in the hydrated cement paste rather the
size, number of voids and specific between specific air void types (e.g. entrained and
entrapped air voids) which is what affect the strength and the durability of concrete.
Ultrasonic methods show the potential to be fast, reliable, inherently safe tools to
quantitatively measure and characterize the air-void system in cement pastes. Refer-
ing to section 1.2, a number of researchers have developed correlations between ultra-
sonic wave properties (such as phase velocity and attenuation) with microstructural
porosity in other materials, but not in cement-based materials. In this thesis, the po-




Background on wave propagation
This chapter provides a brief introduction to the basic principles of ultrasonics stress
wave propagation in solids. First, geometrical acoustics applying to homogeneous,
isotropic, linearly elastic solids are presented. The microscopic structure is consid-
ered to have characteristic lengths much smaller than the lengths arising in the defor-
mations of the material. Thus, the propagation is unaffected by the microstructure.
Next the pressure wave reduction in real materials due to scattering and absorption,
is discussed. The effect of pressure wave of from the divergence of the wavefield is
also presented. Then, the frequency dependence of scattering from inhomogeneities is
discussed. Lastly, the total wave field in a randomly scattering medium is briefly pre-
sented. Interested reader is referred to books on wave propagation theory for details
[40],[41],[42].
3.1 Propagation of stress wave in solids
In linear elasticity, the traction ti on a plane within a solid nixi = d is given by
ti = σijnj, (3.1)
where σij is the stress tensor.












with ρ representing the material mass density and fi the body force. Gauss’ theorem
applied to Eq.(3.2) leads to
∫
V
(σkl,k + ρfl − ρül)dV = 0 (3.3)
Eq.(3.3)has to be fulfilled for any arbitrary volume V of the solid body, and therefore
the stress equations of motion becomes
σkl,k + ρfl = ρül (3.4)
Ultrasonic testing utilizes mechanical waves being composed of oscillations of particles
in the material. It is more efficient to have the equations of motion given solely in
terms of the displacement, ui (as opposed to Eq.(3.4), which has terms of stress σij and
displacement ui). This can be achieved by applying Hooke’s law. For a homogeneous,
isotropic and linear elastic solid, the generalized form of Hooke’s law is given by
σij = λεkkδij + 2µεij, (3.5)




(ui,j + uj,i), (3.6)
and µ and λ are the Lamé constants. Plugging Eq.(3.6) into Eq.(3.5) and subsequently
into Eq.(3.4) leads to Navier’s equations of motion
µui,jj + (λ+ µ)uj,ji = ρüi
µ∇2u + (λ+ µ)∇∇ · u = ρü. (3.7)
It should be noted that body forces f are neglected here. Solving Eq.(3.7) is somewhat
difficult, because it couples a partial differential equation (PDE). The Helmholtz
decomposition
u = ∇ϕ+ ∇× ψ, (3.8)
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provides a convenient way to uncouple these equations. Eq.(3.8) represents the three
components of displacement u with the four functions ϕ, ψ1, ψ2, and ψ3. To guarantee
the uniqueness of the solution, an additional constraint
∇ · ψ = 0 (3.9)
is introduced. Substitution of Eq.(3.8) into Eq.(3.7) leads to the two uncoupled wave
equations expressed in terms of the displacement potentials ϕ and ψ
∇2ϕ = 1
cL2
ϕ̈, ∇2ψ = 1
cT 2
ψ̈, (3.10)
whereas cL represents the wave speed of the longitudinal wave (P-wave) and cT the











It always the case that cL > cT . Both wave speeds are expressed in terms of material
properties density ρ and the Lamé constants µ and λ. The Lamé constants define
the elastic behavior of isotropic solid. For convenience, however, the two constants
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3.2 Geometrical acoustics in homogeneous solids
It has been shown in the earlier section that two types of elastic wave maybe prop-
agated through solids. It is explained in many comprehensive books on wave propa-
gation theory that, when a wave of either type impinges on a boundary between the
two media, both reflection and refraction take place. As an example one shall first
look what happens when longitudinal and transverse plane waves are reflected at a
stress free boundary.
3.2.1 Plane wave phenomena
Assuming a wave with constant properties (ε, σ, u) on a plane perpendicular to its
direction of propagation p. Eq.(3.15) shows the mathematical representation of a
plane wave,
u = f(x · p − ct)d (3.15)
where d is the unit vector defining the direction of particle motion, and c is either the
longitudinal wave speed cL or the transverse wave speed cT . By substituting Eq.(3.15)
into Eq.(3.7), one obtains
(µ− ρc2)d + (λ+ µ)(p · d)p = 0. (3.16)
Since p are the two different unit vectors, it can immediately be seen that the two
possible solutions that form the basis of wave propagation are either d = ±p or
p · d = 0:
1) d = ±p leads to p · d = ±1 and yields with Eq.(3.16), c = cL (see Eq.3.14).
Since d and p are linearly dependent, this represents a particle movement in
the direction of propagation - a longitudinal or P-wave.
2) p · d = 0 yields with Eq.(3.16), c = cT (see Eq.3.14). Now the direction
of motion is normal to the direction of propagation, and the wave is called
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a transverse wave. If a two dimensional plane of propagation is considered
(for example, the (x1, x2) plane), a wave with an in-plane displacement (in the
(x1, x2) plane) is called an SV-wave (vertically polarized), while a wave with
out-of-plane displacement (in the x3 direction) is called an SH-wave(horizontally
polarized).
In a homogeneous, isotropic material, longitudinal and transverse wave speeds are
independent of frequency or they are nondispersive.
3.2.2 Mode conversion
The wave types derived so far propagate independently in an infinite media. As
soon as a finite media in the direction of propagation is considered, reflections and


















(b) Reflection of a SV-wave
Figure 3.1: Reflection of waves
reflected at a stress free boundary (σ21 = 0 and σ22 = 0), a wave of each type is
reflected. Figure (3.1) shows the reflections of an incident P and SV-wave. The effect
of a single incident wave-type producing two different waves (after reflection from a
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boundary) is called mode conversion. The displacement field of a harmonic wave in








whereas n denotes the wave (longitudinal or transverse), kn =
ω
cn
is called the wave
number of wave n and the respective wave speeds are cn. Using these definitions,
and noting that the angular frequency ω is the same for the incident and reflected
waves, it is possible to determine the relationship between the angle of the incident
and the angles of the reflected waves, to obtain non-trivial amplitudes An, the angles
of incident and reflected waves, θ0, θ1, and θ2 as depicted in Fig.3.1, must satisfy
Snell’s law:
k0 sin θ0 = k1 sin θ1 = k2 sin θ2. (3.18)
Exceptions of mode conversion are the normal incidence with θ0 = 0-in this case, the





Then only a SV-wave is reflected. The P-wave portion of the reflected signal degen-
erates into a surface wave (Rayleigh wave), travelling along the surface and exponen-
tially decreasing in amplitude with increasing depth.
3.3 Attenuation
3.3.1 Definition
Consider a plane stress wave that is attenuated as it propagates through the medium:
σ(x, t) = σ0e
i(ωt−kx) (3.20)
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where ω denotes the angular frequency and k is called the propagation vector. As
expression for an attenuated wave is obtained by assuming that the wave number k
or the velocity c is complex. Take the wave number to be complex: k = k1 − iα, one
obtains the equation of a plane attenuated wave:
σ(x, t) = σ0e
−αxei(ωt−k1x) (3.21)
The attenuation factor α is thus defined as the imaginary part of the complex wave
number and the phase velocity is given by c = ω
k1
. It is known that α causing an
exponential decay in pressure amplitude, one can use
σ(x) = σ0 · e−αx (3.22)
to specify the attenuation α which is not dependent on x. Another way of expressing
the same thing is to write
log eσ(x) = log eσ0 − αx (3.23)
Then for two different points x1 and x2 where x1 < x2, the difference of expressions








and, since any ratio of two pressure amplitudes such as σ(x1) and σ(x2) must, in























α (Np/unit length) = 8.686 α (dB/unit length) (3.28)
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The ratio between pressures σ(x2) and σ(x1) at two different distances, due to the
attenuation along the transducer axis, is shown in Fig.3.2 versus path difference x2 −


























Figure 3.2: Relative pressure σ(x2)
σ(x1)
versus path difference ∆x [m], due to attenuation
α [dB/m]
3.3.2 The cause of attenuation
The cause of total attenuation may be divided into two classes: those “intrinsic”
attenuations that are of physical interest, having to do with physical properties of the
material, and those apparent or “extrinsic” attenuations that arise as a consequence
of the method by which the attenuation measurements are made.
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3.3.2.1 Extrinsic attenuation
Extrinsic attenuation can be caused by beamspreading. The pressure wave field emit-
ted from a real vibrating transducer of finite size differs from a plane wave behavior.
The ratio between transducer diameter d and wavelength λ affects the radiation pat-
tern [43]. Figure 3.3 shows a polar representation of the directivity function at three
different transducer diameter-to wavelength ratios. The figure shows that increasing
the diameter of the transducer makes the wave field less divergent. The divergence
of the transmitted beam causes the energy to drop.
Figure 3.3: Pressure wave at different angles, for different ratios between transducer
diameter d and wavelength λ
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For a circular transducer, the pressure wave reduction at point x along the axis of
the transducer due to the beamspreading is described by














The pressure wave exhibits large variations near the transmitting, in the so called the
near-field, as shown in Fig 3.4 for d/λ equal to 3. Further away from the transducer
surface, in the so called far-field, the pressure wave reduction follows a decay approx-
imation inversely related to the distance. The actual pressure is also related to the
area of the transducer. The approximated pressure wave in the far field is expressed
as








Increasing d/λ decreases the angle of divergence and thereby the beam spreading ef-
fect. This implies that larger transducer sizes and higher frequencies both give a less
divergent beam. The absolute values of the ratio between distance and diameter are



























Figure 3.4: The absolute value of the relative pressure wave p(x)
p0
due to beamspread-
ing, versus distance related to transducer diameter x
d
for various diameter to wave-
length relations d
λ
. Approximated relative pressure, dotted lines
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Diffraction correction It is shown earlier that the beam diverges and the
wave front is neither plane nor spherical. This effect is what so called a “diffrac-
tion effect”. Very large errors in attenuation measurement can occur from the
diffraction effect. It is necessary that this effect must be separated from the
total measured attenuation in order to find the attenuation of physical inter-
est for material characterization purposes. Calculation of corrections from the
diffraction effects can be done either be experimentally measured for any given
transducer or analytically calculated for many simple transducer shapes.
When the transmitting and receiving transducers are circular with radius a, the
diffraction can be corrected from the Lommel expression given by Rogers and
Van Buren [44]:
DL = 1 − e−i2π/s[J0(2π/s) + iJ1(2π/s)], (3.31)
The magnitude of DL calculated from Eq.(3.31) is plotted and shown in Fig. 3.5




which is a function of some distance x away from the transducer
over the near/far field transition distance a
2
λ
. The transducer radius is denoted
as a and λ is the propagation wavelength in the medium. J0 and J1 are Bessel







which is also plotted in Fig. 3.5 with dotted line. Roughly, one can assume that
there is no beam spreading at all up to the near/far field transition and that
the beam diverges like a spherical wave beyond this point. Figure 3.6 shows
the Lommel diffraction correction versus frequency for a circular transducer of
8 mm-diameter and x = 25 mm separation in cement paste.
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Figure 3.5: Magnitude of the Lommel diffraction correction for a circular transducer






























Figure 3.6: The Lommel diffraction correction vs. frequency for a circular piston
radiator of 8 mm-diameter and x = 25 mm separation in cement paste
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3.3.2.2 Intrinsic attenuation
The group of losses of physical interest is divided into two main types: material
absorption and scattering effect.
Material absorption, αa: Material absorption causes dissipation of the stress
wave energy. It occurs if the material stress and strain are not single-valued
functions of one another for a complete cycle of oscillatory stress. The lack of
such single-valued behavior arises where time derivatives of stress or strain are
present in the equation relating stress and strain. Even when the stress-strain
part of the equation remains piecewise linear, the presence of time derivatives
assures dissipation. The result is the hysteresis effect – the strain can not keep
up with the alternation in stress. And if the strain is not homogeneous, as
for example, longitudinal ultrasonic wave is propagated through metals [45],
temperature gradients will be set up between regions of compression and of
rarefaction. This will lead to a flow of heat, accompanied by a production
of entropy and thereby causing irreversibly energy lost in the ultrasonic wave
which will result in an attenuation of the pressure wave amplitude. This type
of attenuation is reportedly proportional to the square of frequency.
In some polymers, in the glassy state (above the rubber-glass transition), an
absorption has been observed with attenuation coefficient, α proportional to the
first power of the frequency [46]. This type of absorption is called hysteresis ab-
sorption. Hysteresis absorption has also been observed in biological tissues [47].
A quantitative model was proposed for hysteresis absorption in polymers [46].
However, so far no quantitative model for hysteresis has been developed for any
material in which this type of loss has been observed. It should be noted that
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hysteresis loss can be accounted for formally by assuming a relaxation mecha-
nism with a very broad distribution of relaxation times extending over many
decades of frequency [47].
Scattering, αs: Scattering, which is the other part of the intrinsic attenuation,
arises at the boundaries between materials, grains, or inclusions with different
elastic properties. These differences are associated with the grain structure,
multiple phases, precipitates, crystal defects from dislocations, etc. In short,
any inhomogeneity can serve as scatterer. The general problem of expressing at-
tenuation due to scattering through a medium containing scatterers with given
size, shape, material property, and density of scatterers dates further back.
When the scatterer density is low, the loss caused by a single scatterer is not
affected by the presence of other scatterers and the total loss can be calculated











Figure 3.7: Scattering models (a) single scattering, (b) first order multiple scattering,
(c) multiple scattering, and (d) diffusion approximation
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can be treated independently [42], as anticipated in Fig. 3.7(a) and the com-
bined scattering attenuating effect is simply the arithmetic addition of their
individual contributions. When propagating waves experience many scattering
events (high scatterer density), as one shown Fig 3.7(b)-(d), multiple scattering
effects are present and the problem for obtaining scattering attenuation is much
more complicated. The approach to multiple scattering involves methods pri-
marily due to Foldy [48], Waterman and Truell [49], who utilized the technique
called configuration average and by Dainty and Toksoz [50], who modelled the
scattered wavefield energy by a diffusion approximation (or diffusive wave the-
ory).
Three scattering regions are usually defined on the basis of (single, or self simi-
lar) scatterer size a to the wavelength λ ratios [5] and the functional dependence
of scattering losses on frequency can be often established without really solving
the wave equation.
αs ∼ f 4 · a3 − Rayleigh Domain, 2πa/λ << 1
αs ∼ f 2 · a3 − Stochastic Domain, 2πa/λ ≈ 1 (3.33)
αs ∼ a−1 − Geometric Domain, 2πa/λ > 1
This thesis will use the experimental measured intrinsic attenuation to characterize
the microstructure of heterogeneous cement paste.
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CHAPTER 4
Experimental and signal analysis
Ultrasonic attenuation measurements require either fully automated apparatuses pick-
ing out the required information from the measured signal in real time or equipments
that store the entire data recorded for further signal processing and for the deter-
mination of material attenuation. Basic components of ultrasonic measurement and
experimental systems typically used in this thesis for the attenuation measurement
are discussed.
4.1 Equipment
Pulser-receivers generate high energy, high gain broadband performance nec-
essary for high frequency investigation of attenuating materials. They are used
in conjunction with transducers and oscilloscope. The pulser section produces
an electrical pulse to excite crystal in a piezoelectric transducer, which then
emits an ultrasonic pulse. In through transmission applications, this pulse trav-
els through the test material to a second transducer acting as a receiver and is
converted into an electrical signal which is then amplified and conditioned by
the receiver section and made available for further analysis.
Piezoelectric transducers emit and receive ultrasonic waves using principle
called the piezoelectric (pressure electricity) effect, the phenomenon that certain
crystals for example quartz change their physical dimensions when subjected to
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an electric field, and vice versa [51]. The rapid shape changes or vibrations of
the crystals produce mechanical pressure wave that travel outward. Conversely,
when pressure waves hit the crystals, they emit electrical current therefore the
same crystals can be used to send and receive pressure waves.
Oscilloscopes are graphical displayed devices. In most applications, digital
oscilloscopes are used to show how signals change over time: the vertical (Y)
axis represents voltage and the horizontal (X) axis represents time. To cap-
ture signals over time, the analog-to-digital converter (ADC) unit samples the
voltage signal travels through the probe which is attached to the ADC unit at
discrete points and converts the signal’s voltage at these points to digital values
called “sample points”. The horizontal systems’s sample clock determines how
often the ADC takes a sample. The rate at which the clock “ticks” is called
the “sample rate” and is measured in “samples per second”. The faster the
oscilloscope can sample, the more accurately it can represent fine details in a
fast signal. The sample points from the ADC are stored in memory as “wave-
form points” in “bits”. Together, the waveform points make up one “waveform
record”. The number of waveform points used to make a waveform record is
called the “recorded length”. The “trigger” system determines the start and
stop points of the record. Depending on the capabilities of the oscilloscope, ad-
ditional processing of the sample points and pre-trigger can also take place. This
to enhance the display and to allow users to see events before the trigger point.
More information about oscilloscopes can be found the book by Middleton [52].
Passive probes are made of resistors, capacitors, cables and wires that add
resistive, capacitive, and inductive in order to limits the voltage or loading before
damaging oscilloscopes. A general rule of thumb is to select passive probes with
a resistance greater than 10 times the oscilloscopes resistance. This will also
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result in less than 10% reduction in measured voltage.
4.2 Attenuation measurement system
There are various measurement systems to acquire signals for measuring attenuation
and different methods for quantitatively estimating the attenuation coefficient. In
this thesis, two are chosen and they are coherent and diffuse measurement systems.
All the equipments mentioned in the previous section are used in these two systems
for the measuring of attenuation.
4.2.1 Coherent measurement system
A schematic diagram of the coherent measurement system for the attenuation mea-
surement is shown in Fig. 4.1(a). Using a matched pair of broadband ultrasonic
transducers, an ultrasonic (longitudinal or transverse wave) pulse is sent into the
specimen from the transmitting transducer (labelled as T), and the “coherent” S1(t)
and S2(t) pulses that propagates through one and three thicknesses between receiving
transducer (labelled as R located on axis on the opposite faces of the specimen) are
acquired, transmitted and stored digitally in the personal computer via GPIB (gen-
eral purpose interface bus) for further signal processing. Figure 4.1(b) shows a typical
time coherent signal S1(t) and S2(t) obtained from the experiment. It is the changes
in phase and amplitude of the frequency spectra of these coherent waves1 that can be
used to measure phase velocity and ultrasonic intrinsic attenuation.







































Figure 4.1: (a) a schematic diagram of the coherent measurement system (b) a typical
time coherent signal obtained from the coherent measurement
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4.2.2 Diffuse measurement
Attenuation measurements using coherent measurement system measures the effect of
both material absorption and scattering as well as extrinsic attenuation. In contrast,
diffuse measurement can naturally separate the absorption and scattering contribu-
tions, and have shown to be effective in the measuring of the intrinsic absorption of
a material.
Figure 4.2(a) shows the experimental setup for the diffuse ultrasound field measure-
ment system. The system in general consists of a transmitting broadband transducer
(labelled as T) located at the geometric center of the specimen and a broadband pad
receiving transducer located on the opposite side of the specimen (labelled as R). Not-
ing that the pad, a millimeter square plastic foil, is carefully attached to a receiving
transducer to enable a point like detector. This point-like detection is critical because
the diffuse ultrasound field2 cancels itself out over a large transducer surface. The
impulse response of the tested specimen is measured off epicenter, on the opposite
side (with respect to the source), at a location where only diffuse field response is
measured. The acquired signal (Fig. 4.2(b)) is then amplified and transmitted to the
personal computer via GPIB for further signal analysis.
4.3 Waveform acquisition
4.3.1 Sampling rate and record length
In data acquisition systems, digitization is performed by an analog-to-digital converter
(ADC). An ADC converts the analog signal from a transducer into a digital signal
2generated by a wide band source transducer in specimen enclosure occur at late times. The field








































Figure 4.2: (a) a schematic diagram of the diffuse measurement system (b) a typical
time diffuse signal obtained from the diffuse measurement
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that can be read by the acquisition system’s computer. Digital sampling theory states
that, at a minimum, a signal must be sampled at a rate equal to twice of its highest
frequency. In other words, there must be at least two samples for every shortest
cycle of the signal. This is done to prevent frequency aliasing [53]. At present, all
measurements (both coherent and diffuse) presented are obtained with oscilloscopes
with special memory extension which allows a measured signal to sample up to 60000
points with the maximum sampling rate of 50 mega samples per second.
4.3.2 Signal averaging
Experimental measured signals are never perfect, even with sophisticated equipments.
Noise or unpredicted variations in the measured signals occur from moment to mo-
ment or from measurement to measurement. Signal averaging is a technique com-
monly employed to improving signals. Signal averaging exploits the fact that the
desired signal is coherently summed. By contrast, any source of noise that is inco-
herent with respect to the well-defined trigger signal will diminish in amplitude with
successive averaging operations. Thus signal averaging can be used to reveal signals
that are buried in the background noise and to increase signal-to-noise ratios from
below unity to more acceptable levels if the signal can be measured more than once.
More details on how to calculate the decrease of the noise power level by the averaging
process should refer to [53]. All measurements presented in this thesis are obtained
by averaging over 500 individual a well-defined trigger signal during the acquisition
with the oscilloscope.
4.4 Signal processing techniques
An informative way of quantifying attenuation is to determine the frequency de-
pendent attenuation coefficient; The approach analyzes the acquired signal in the
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frequency domain. This is accomplished by removing the DC offset, applying an ap-
propriate window to capture the signal portion of interest, and then transforming this
waveform into the frequency domain using the discrete or fast fourier transform. The
purpose of this section is to give a short overview of the signal processing techniques
used in this thesis.
4.4.1 The Discrete Fourier Transform (DFT)
A digital signal of finite duration can be specified in the time domain as a sequence
of N scaled impulses occurring at regular sampling instants. Each impulse taking on
the amplitude of the signal at that instant, The same signal may also be described
as a combination of N complex sinusoidal components, each of a given frequency and
phase, and each being a harmonic of the sampling rate/N. This representation, called
a frequency domain representation and may be obtained from the time-domain form
through the use of the “Discrete Fourier Transform (Fourier transforms in terms of
discrete) or DFT”. The time domain form and the frequency domain form are simply
different way of representing the same digital signal, one is chosen over the other
simply in terms of utility for a given purpose. The Discrete Fourier Transform and
its pair are defined as:











V (fn) exp[ − 2πi(n− 1)(k − 1)/N ] (k = 1, 2, ..., N)
where v(tk) and V (fk) are values of a time signal and its Fourier transform at discrete
frequency and time values, respectively, 4t = tk+1 − tk is the sampling time interval,
and N is the total number of sampled points.
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Figure 4.3: A sampled periodic time signal showing N sampled values used in the
DFT (light circles) and other sampled values (dark circles). The sampling interval is
t, the time tmax is the time at which the transient signal ends and the time T = N4t
is the period
Figure 4.4: The magnitude of a sampled periodic frequency domain function showing
the N sampled values. The frequency sampling interval is 4f = 1
T
, the frequency fmax




The DFT and its pair are usually periodic functions. For example, the first sampled
time signal value, v(t1), is the value sampled at t = 0. There are N samples values
from t = 0 to t = (N − 1)4t. The sampled value v(tN+1) = v(N4t), however,
is the same as the value at time t = 0 and subsequent samples also repeat previ-
ous values. As Fig. 4.3. shows the sampled time function is periodic with period
T = N4t. Similarly, in the frequency domain the first sampled value, V (f1), is the
frequency component for f = 0 to f = (N − 1)4f , where 4f = 1/T . The sampled
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value V (fN+1) = V (N4t), is again the D.C. value. The frequency domain function is
also periodic with period fs = 1/4t, where fs is the sampling frequency (see Fig. 4.4).
As long as the original time domain is shorter than the sampling period, T , and the
sampling frequency is sufficiently high to capture all the significant components in
the signal. It can be seen from Fig. 4.4 that the frequency spectrum of a real time
signal must contain both negative as well as positive frequency components, Fig. 4.4
shows that unless the sampling frequency fs is at least 2fmax, the highest frequency
contained in the signal, then the positive and negative frequency components will
overlap. To prevent this phenomenon, which is called “aliasing”, one must there-
fore choose a high enough sampling frequency. This requirement is what called the
Nyquist criterion, which is the sampling frequency fs = 1/4t, must be at least twice
the maximum significant frequency fmax, contained in the time signal being sampled.
To implement the DFT efficiently, one uses Fast Fourier Transform (FFT) algorithms,
which are readily available in Matlab. Many books [53– 54] have been written on
FFTs if one interested in the details of those algortithms. To perform these discrete
transforms in MATLABr, one can use built in functions fft and ifft, which are defined
such that the signs are exchanged in the exponentials appearing in Eq. 4.1 and the
Matlab functions do not include the sampling time constant 4t or N appearing
in the coefficients of Eq. 4.1. The most common use of the FFT is to compute
the magnitude—the graphical representation of |V (f)| against frequency and phase
spectrum—the graphical representation of arg V (f) against frequency, of an acquired
time signal as might be obtained from the experiments.
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4.4.2 Windowing
One of the thing that was mentioned in DFT section is that the sampled signal be-
comes periodic. If the signal sequence finishes on a whole number of periods then a
discontinuity will not occur. If this is not the case, the signal value (in time) suddenly
jumps. The input sequence that the DFT sees for a sequence consisting of one and
half periods of a signal and this is demonstrated in Fig.4.5 for a regular sine wave. A
discontinuity in time results in what so called the spectral leakage in the DFT [53].
To ensure that signal sequence finishes (or at least closer to) on a whole number
of periods. One can simply truncate a signal in the time domain and that can be
done by the use of windowing. The main characteristics of windows are given by
the main lobe width and the relative peak side lobe amplitude. The two properties
together with the position of zeros and the amplitude decay in the frequency domain
are relevant to for where leakage can occur. Some common window functions and
their properties are available in [53]. In this thesis, only hanning/hamming window
such as one shown in Fig. 4.6 will be used. As demonstrated in Fig. 4.6, this window
function has a broader and deeper main lobe, which means that more of the energy
is in the main lobe, causing less leakage and therefore a better function for signal
processing.
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(b) Fourier transform of Hanning
window
Figure 4.6: Hanning window
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CHAPTER 5
Theoretical model of attenuation of
coherent ultrasonic signals in entrained
air hardened cement paste combining
scattering and absorption losses
The passage of ultrasound waves through cement-based materials exhibit a high de-
gree of material attenuation losses (absorption and scattering). In this chapter, the
collective scattering and absorption attenuation of ultrasound interaction with hard-
ened cement paste that contains entrained air voids for protection against damage
during freeze-thaw cycles is studied. An estimated of the effects can be obtained using
independent single scattering theory (following [29]). The resulting attenuation char-
acteristics are illustrated numerically. These results are discussed in comparison with
experimental data of longitudinal wave attenuation in the hardened cement paste
containing a low volume fraction of entrained air voids of less than 10% for a large
frequency range of 500 kHz - 5 MHz. The study results serve as proof-of-principle;
demonstration examples of applicability of using ultrasonic attenuation measurement
to characterize microstructure of cement-based materials. A more understanding also
leads to a systematic development of inversion technique to recover entrained air void
size and volume fraction of entrained air voids from experiments. All that will be
presented in great detail in this chapter.
50
5.1 Morphological-based model of entrained air hard-
ened cement paste
As can be seen through an optical microscope, the entrained air hardened cement
paste can be modelled as a composite material consisting of a viscoelastic cement
paste matrix and a collection of uniformly mono-sized spherical air voids of radius a
and volume fraction φ (Fig. 5.1). The total number of entrained air voids in a unit












Figure 5.1: (a) A photomicrograph of a typical cross section of entrained air hardened
cement paste; (b) morphological-based model of entrained air hardened cement paste
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5.2 Estimates for energy losses
Consider a time-harmonic plane wave propagates in a system shown in Fig. 5.1(b).
Such a plane wave can, for example, be a Fourier component of the coherent signal.
It is hypothesized that the reduction of the energy flow density of the plane wave
propagate a unit distance that is assumed small on a macroscopic scale but sufficiently
large compared to typical microstructural lengths is due to the energy absorption
in the matrix and the wave scattering by the entrained air voids. From this, the
spatial decay of the time-averaged energy flow density < e > of the plane waves as it
propagates a unit distance in the x1 direction can be written as [29]
d < e >
dx1
= − [ < Iabs > + < Isca > ] (5.1)
where < Iabs > and < Isca > are the absorption and scattering loss rates in a region
V of unit scale and volume as depicted in Fig. 5.2. These losses are estimated using















Figure 5.2: A representation volume element for an estimation of energy losses
5.2.1 Scattering loss
To evaluate the scattering loss, it is assumed that no interaction occurs between
neighboring voids in the medium. Thus, scattering from an individual void can be
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treated independently from one another and the combined effect of multiple voids is
simply the arithmetic addition of the individual contributions. With this approximate
assumption, a simplified problem is considered for a plane wave scattering by a single

















Figure 5.3: A representation volume element for an estimation of scattering loss
The incident plane wave is expressed by ui
inc = Re[ūie




denotes the complex wave number in the viscoelastic matrix, ω the angular frequency.
The frequency dependent phase velocity and the attenuation coefficient of the matrix
are denoted by c1(ω) and αa(ω), respectively. The time-averaged energy flow density
of the plane wave decays along the x1 direction having the unit vector denoted by βi.
As a reference, the energy flow density is evaluated at the origin taken at the center
of the inclusion. Using the energy flux density vector, or Poynting vector Pi
inc [55]
of the incident wave, the energy flow density is given by










Introducing the wave fields in and outside Ω. Here Ω denotes the region inside the
inclusion and Γ its boundary. The scattering energy loss rate is given by the time-
averaged energy flow of the scattered wave integrated over Γ and is written as








scani dS dt = γ
sca < e >0 (5.3)
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In the above expression, Pi
sca is the energy flux density vector of the scattered wave
and ni is the unit normal vector, taken positive outwards from Γ. This loss is normal-
ized by the reference incident energy flow density and the scattering cross section γsca
has been invoked [57]. The suffix 1 stands for the scattering by the single inclusion.
To combine the effects of ns inclusions, the scattering is given in additive manner as
< Isca >= ns < I
sca
1 >= nsγ
sca < e >0 (5.4)
5.2.2 Absorption loss in the matrix
Next, the absorption loss in the matrix is evaluated. Problems like this one are solved
using a superposition method. To do so, the energy dissipation of the incident plane
wave in a net region occupied by the matrix is considered. It should be noted here
that the net region is defined proximity by the area occupied solely by a homogeneous







Figure 5.4: A representation volume element for an estimation of absorption loss
This approximation is valuable in situations where it is difficult to solve in an exact
manner and < Imat > is given by the time average of the stress work rate integrated
over the region V − ∑ Ω as


























incni dS) dt (5.5)
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The first integral in the right hand side of Eq. (5.5) can then be carried out by the






















j ) − σincij ε̇incij )dV dt
(5.6)
The first term in Eq. (5.6) vanishes when integrated with respect to time. The second





























≈ 2αa < e >0 ( for small αax1 ) (5.7)
The second integral in Eq. (5.5) is determined by the properties of the matrix as










incni dS dt = −nsγmat < e >0, (5.8)
then < Imat > is written as
< Imat >= 2αa < e >0 −nsγmat < e >0, (5.9)
where an absorption cross section γmat is introduced [29]. For a spherical inclusion of





















The above expression can be derived and simplified similarly to that mentioned before




When the argument of the function is small then the function can be approximated
















which is described as a volume of a single sphere, φ = 4
3
πa3 multiplied by the factor
of 2αa. From this the matrix absorption, Eq. (5.9), becomes
< Imat >= 2αa < e >0 −2φαa < e >0, (5.12)
5.2.3 An approximate expression for the attenuation coeffi-
cient
Based on the two considerations discussed above, the energy loss rate of the wave in
entrained air hardened cement paste composite is examined. In the present study, no
interaction among the neighboring voids is taken into account. Then the scattering
loss due to ns void is given by < I
sca >= ns < I
sca
1 >= nsγ
sca < e >0, and the
matrix absorption becomes < Imat >= 2αa < e >0 −2φαa < e >0. Identifying
< e >0 with < e > and substituting these results into Eq. (5.1)to yield
< e > (x1) ∝ e
− (2αa−2φαa+nsγsca) x1 (5.13)
Because the energy is a quadratic function of the displacement amplitude, the atten-
uation coefficient of the system shown in Fig. 5.1(b) is obtained as





It should be noted that α has a unit of 1/m or Np/m. The above attenuation
expression implies that the presence of the voids of volume fraction φ reduces the
absorption effect of the matrix to the ratio (1 − φ). This reduction effect has been
naturally deduced and observed in experimental studies by Kinra et al. [58]. More
over, except for the factor (1−φ), Eq. 5.14 coincides with the first (single scattering)
term of the expression for α derived by Waterman and Truell [49].
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5.3 Analysis of longitudinal wave attenuation in
the entrained air hardened cement paste
Eq. (5.14) is subsequently applied to the attenuation of longitudinal ultrasonic wave
in the entrained air hardened cement paste.
5.3.1 Identification of cement paste matrix material proper-
ties
As shown in Eq.(5.14), the analysis of longitudinal wave attenuation in the entrained
air hardened cement paste requires data of material properties of the cement paste
matrix as well as material properties of entrained air voids. To this purpose, the
phase velocities and attenuation coefficients of the cement paste matrix, similar to
that used in the entrained air hardened cement paste for which there hardly exist
measured values in the literature, are measured for longitudinal as well as transverse
waves. Cement paste1 10 cm x 20 cm cylindrical specimens were cast from mixing
commercially available Type I Portland cement with water at a water-to-cement mass
ratio of 0.4 in a Hobart mixer in accordance with ASTM standard. Immediately after
the completion of mixing, a vibration table was used to take away entrapped air bub-
bles from the mix prior to the molding. After the molding cycle, the specimens were
covered with plastic caps and kept in moist, sealed plastic containers for 24 hours.
After 24 hours, the specimens were demolded and stored in lithium saturated water
at 22oC for 27 more days to prevent cracking. At 28 days of age, the specimens were
removed from the curing room, and were cut using a diamond saw and polished to
provide a 25 mm section parallel finished surface. Those specimens found to be most
free of visible cracks are selected for use in for the attenuation measurement (see
1see Sec. 5.1 for a qualitative visual description of the specimen
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Sec.4.2.1).
Coherent measurements are performed by using contact transducer pairs (1, 2, and
5 MHz nominal frequency, Panametrics Inc.) along with the Panametrics 5072PR
pulser-receiver to transmit ultrasonic longitudinal as well as transverse wave pulse
into the specimen. The electrical signal is amplified with a maximum of 45 dB, with
a power amplifier. The transmitting transducer (T) then converted the electrical
signal to a pressure wave. The pressure wave propagated through a specimen and
is received by another transducer (R) and converted into the electrical signal. The
signal is acquired with a sampling rate of 50 mega samples per second, and with 8-bit
resolution into a digital oscilloscope. The amount of noise is suppressed by averaging
over 500 signals. The measurement is fully automated by GPIB for transmission of
the signal and signal acquisition from the digital oscilloscope to the computer for the
post processing.
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Figure 5.5: Attenuation and phase velocity measurement using spectral ratio tech-
nique
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In measuring attenuation and phase velocity, spectral ratio analysis [59] is carried out.
An analysis involves the extraction from the total signal of two successive coherent
signals, S1(t) and S2(t), using an appropriate hanning/hamming window. Then,
based on Fast Fourier Transforms, the amplitude and phase of the frequency spectra
of the S1(t) and S2(t) are determined and diffraction corrected. The ratio of the two
power spectra allows the calculation of the ultrasonic attenuation. As demonstrated
in Fig. 5.5, the first windowed signal S1(t) propagates through one thickness of the
specimen (direct compressional or transverse wave) where as the second one S2(t)
propagates through three thicknesses of the same specimen after reflections on both
specimen sides. With a pair of finite circular transducers, the amplitude spectra of
the frequency spectra of the two signals are:
S1(f) = DL(x = z)S0(f)e
−α(f)ze i[ωt−k(f)z+φ0] (5.15)
S2(f) = DL(x = 3z)S0(f)e
−α(f)3ze i[ωt−k(f)3z+φ0+δφ]
where α(f) denotes the absorption attenuation coefficient, DL(s) is the diffraction
coefficient (see chapter 3, section 3.3.2.1) proposed by Rogers and Van Buren [44]
with s = 2πz
ka2
, k(f) = 2πf
c(f)
with c the phase velocity, z is the thickness of the specimen,
S0(f) and φ0(f) are the source spectrum and the source phase for z = 0, and δφ is the
phase shift between the time base of the first and second signal. Thus corresponding















where arg(·) designates the argument of the considered complex number. One can see
from Eq.(5.15) and Eq.(5.16) that the effect of geometric divergence (the change in
the amplitude due to the diffraction effects) is needed to account for when computing
attenuation coefficients. The phase velocity, on the other hand, is not altered by the
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geometric divergence.
In the appendix B, experimental results obtained from ultrasonic absorption mea-
surements in methyl methacrylate polymer (Lucite) are presented. The polymer used
here was made by the Altuglas Co., Philadelphia, PA under the trade name Plexiglas
G and was received in the form of a cast amorphous block of high optical clarity
and of thickness 2.54 cm. Its reported specific gravity was 1.1 to 1.2. The measure-
ment gives the values cL = 2787m/s for the longitudinal wave speed and αλ = 0.045
Np for the longitudinal absorption attenuation at room temperature. These should
be compared with cL = 2690m/s and αλ = 0.022 Np measured by Hartmann and
Jarzynski [46] and with cL = 2750m/s and αλ = 0.041 Np given for clear Plexiglas
in a recent book by Cheeke [60]. It can be seen that there is some variability in
published values, particularly for attenuation, and these differences may be due to
differences in Lucite type. The experimental measurement values reported here are
within the range of published values. This establish reliability and accuracy of the ex-
perimental setup as well as the spectral ratio technique for attenuation measurements.
As a result of the measurements, it is found that within the range of the frequency
bandwidth of interest, the phase velocities of longitudinal and transverse wave are well
approximated as frequency-independent constant and the attenuation coefficients as
first-order equations of the frequency. The frequency dependence of the phase velocity
determined by spectral ratio technique is delineated in Fig. 5.6(a) for longitudinal and
transverse waves. Only weak dispersion is observed in the frequency ranges of interest.
The attenuation coefficients of cement paste matrix for longitudinal and transverse
waves are plotted and shown in Neper/m , as shown in Fig. 5.6(b). It is observed



























































Figure 5.6: Frequency dependent (a) phase velocities and (b) attenuation coefficients




Hartmann and Jarzynski [46] found a similar behavior for ultrasonic absorption in
some polymers. This behavior is referred to as hysteresis absorption, has also been
observed in rocks, biological tissues [47] and recently recognized in cement based ma-
terials [21]. Some other material properties of the cement paste extracted from the
measurements are summarized in Table 5.1.
Table 5.1: Material properties of cement paste matrix
Property Symbol Value
































Poisson’s ratio ν 0.26∗




Water to cement mass ratio w
c
0.40
∗ Values are calculated from phase velocities
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5.3.2 Scattering cross section γsca
The scattering cross section is a quantity which expresses the relationship between
the respective energies associated with the incident and scattered waves in a medium
containing a scattering obstacle. Thus, the scattering cross section is defined as that
area which, if placed into the incident field normal to the direction of the propaga-
tion, would intercept an energy flux equal to that of the total scattered field through
a closed surface which contains the scattering obstacle, all energies being understood
in the sense of the time averages over one cycle. The scattering cross section is thus
to be expressed in terms of the incident and scattered waves, the latter of which
must be found from the scattered wave field by a single void. Analytical treatments
can be found in several books [41], [61]. Here, a full derivation of the cross section
using a classical technique introduced earlier by Ying and Truell [57] is to be found in
appendix A. This section should contain a brief but adequate description to support
further analysis.
For an incident time harmonic < eiωt > plane longitudinal wave propagating in x1 di-
rection, two dimensional complex displacement potentials,Φ and Ψ, satisfy Helmholtz
equations, (∇2 + k2)Φ = 0 and (∇2 + κ2)Ψ = 0, with the propagation constants,
k = ω
cL
− iαL (longitudinal wave) and κ = ωcS − iαS (transverse wave). Using these
equations, the problem of a plane longitudinal incident wave encountering a sphere
in a viscoelastic solid can be solved using spherical coordinates. The spherical void
gives rise to scattered longitudinal and transverse waves outside the sphere (Fig. 5.7).
The solution of the wave equations consists of series expansions of spherical Bessel
functions and spherical harmonics with two unknown scattering coefficients (Am and
Bm). These coefficients are then determined numerically from the stresses continuity




















Figure 5.7: Single scattering by a spherical cavity
Using stresses relations described in Appendix A, the results in two simultaneous
algebraic equations are sufficient to determine the two coefficients Am and Bm. In



























H12 = m(m+ 1)[(m− 1)hm(κa) − (κa)hm+1(κa)]
H21 = (m− 1)hm(ka) − (ka)hm+1(ka) (5.18)








J21 = (m− 1)jm(ka) − (ka)jm+1(ka)
In Eq.(5.18), jm(ξ) and hm(ξ) are the spherical Bessel function of the first and the
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third kind, respectively. Numerical calculations have been performed for the longitu-
dinal wave scattering by a spherical void in viscoelastic cement paste solid in terms of
the normalized wave numbers, ka. After some lengthy manipulations, the scattering
cross section is finally related to the finite sums of the expansion coefficients. Using
for this the optical theorem [49]:











). Notice that the latter quantity presented above, αa
2πf
, is just a slope
of the attenuation (in Neper per meter) versus frequency function (in Hz) obtained
from attenuation measurement made in specimen consists of cement paste matrix.
For an entrained air hardened cement paste composite, the typical material data for
longitudinal and shear motion in cement paste matrix are listed in Table 5.1. Within
the model, a spherical entrained air void is also assumed to have a void radius a of
0.3 mm. Using these values the scattering cross section of the spherical entrained air
void embedded in the cement paste matrix for the longitudinal wave incidence is com-
puted. Results of the computations are shown in Fig. 5.8. In Fig. 5.8., the scattering
cross section is normalized by the planar void area γ
sca
πa2
and is plotted as a function
of normalized frequency, 0 ≤ ka ≤ 5 which corresponds roughly to 0 ≤ f ≤ 10 MHz.
One finds from Fig. 5.8. that the scattering effect is relatively small in the low fre-
quency range while it grows substantially and eventually flatten out as the frequency
increases. The influence of matrix viscoelasticity on the scattering cross sections of
a longitudinal wave is also illustrated in Fig. 5.8. It is seen that viscoelasticity af-
fects mainly the fine structure of the scattering cross section especially in the high













































Figure 5.8: Normalized scattering cross section of entrained air hardened cement
paste
5.3.3 Attenuation coefficient
The total attenuation coefficient, α, calculated with Eq.(5.14) is shown in Fig. 5.9(a)
and Fig. 5.9 (b) for an incident longitudinal wave as a function of frequency, for a
number of different void fractions, φ, and void radii, a. The experimentally measured
absorption attenuation of the cement paste matrix is presented as a dashed line in
both figures to indicate the relative contribution of each of the two loss mechanisms
— absorption and scattering. These figures show the influence of the void fraction
and void radius — the vertical and horizontal shift in the attenuation profile are due





























←− φ = 0
←− φ = 0.05
←− φ = 0.10






























←− a = 0 mm
←− a = 0.1 mm
←− a = 0.5 mm
←− a = 0.25 mm
(b)
Figure 5.9: Total attenuation, α versus frequency for (a) different void fractions, φ
and void radius fixed (a = 0.3 mm) and (b) different void radii, a and void fraction
fixed (φ = 5%)
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The above results can be used as the “forward problem” for the inversion scheme. It
can be seen that the total attenuation is directly related to the entrained air void size
and volume through this frequency range, and these figures indicate that it should
be possible to extract quantitative information about the entrained air void size and
distribution in real entrained air hardened cement paste specimens.
5.4 Experimental coherent measurement procedure
and preliminary results
10 cm x 20 cm entrained air hardened cement paste2 cylindrical specimens were made
from mixing commercially available Type I Portland cement with water at a water-to-
cement mass ratio of 0.4 in a Hobart mixer. A chemical air-entraining agent (Darex
supplied by W.R. Grace) is added at about 0.2 percent of the cement by mass during
the process of mixing without adjustment of the total volume to produce entrained
air voids in the hardened cement paste specimen. This is similar to procedure by
Kalliopi and Phillip [62]. Immediately after the completion of mixing and molding, all
specimens were covered with plastic caps and kept in moist, sealed plastic containers
for 24 hours. After 24 hours, the specimens were demolded and were stored in sealed
plastic containers for 27 more days at 22◦C. At 28 days of age, they were removed
from the curing room, and were cut using a diamond saw and polished to provide a
25 mm section parallel finished surface. Those specimens found to be most free of
visible cracks were selected for the attenuation measurement.
Using the coherent measurement together spectral ratio technique described in sec-
tion 5.3.1, attenuation in the entrained air hardened paste specimens can be mea-
sured. Figure 5.10 shows the experimentally measured attenuation, α (in Neper/m)
2see Sec. 5.1 for a qualitative visual description of the specimen
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Measurement variation calculated from max/min values
over 5 different spatial locations
Figure 5.10: Comparison of frequency dependent attenuation coefficients, α (longitu-
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Measurement variation calculated from max/min values
over 5 different spatial locations
Figure 5.11: Scattering portion (only) as a function of frequency (longitudinal waves)
in the entrained air specimen
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as a function of frequency (longitudinal wave only) and compares it to the experimen-
tally measured cement paste results. Error bars indicate point-to-point difference in
measured attenuation variation across the specimen surfaces. Noting from Eq. (5.14)
that the total attenuation is this entrained air hardened cement paste is the sum of
both absorption (cement paste matrix) and scattering (entrained air voids), it be-
comes clear that the additional attenuation present in the entrained air hardened
cement paste specimens is only due to scattering from the scattering from the en-
trained air voids. It should be possible to separate these two effects (the scattering
effect from the absorption effect) by subtracting the (longitudinal) attenuation mea-
sured in the cement paste specimen from the attenuation measured in the entrained
air hardened cement paste specimen — this result is presented in Fig. 5.11. This
scattering only attenuation can be used in the proposed inversion analysis (described
in the next section) to obtain quantitative information about the entrained air void
size and volume fraction that exist in the entrained air hardened specimens.
5.5 Determination of entrained air void size and
fraction - the inverse problem
Section 5.1- 5.3 examined the forward problem — application of a single scattering
model to determine the attenuation coefficient when the size and volume fraction of
the entrained air voids are assumed to be known. The more important problem is
the opposite — determination of the entrained air void fraction and size using a set
of experimentally measured attenuation coefficients. Ideally , this inverse procedure
should also treat the distribution of air void sizes as a third unknown, but as a first
step, this research assumes that there is only a single size of entrained air voids present
within the volume fraction, φ. The Nelder-Mead downhill simplex method [63] is used
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to predict the entrained air void radius, a, and volume fraction, φ, from the experi-
mentally measured attenuation coefficients. This inversion procedure is accomplished
by comparing the theoretical results of the attenuation model (which is a function
of two variables, a and φ) with the experimentally measured attenuation coefficients
to determine the best fit between the experimental results and the theoretical pre-
diction. The proposed objective function is – ε =
∑
f [α(a, φ)m − α(a, φ)th]2. The
subscript “m” denotes that experimentally measured attenuation coefficients, while
“th” denotes the values predicted with the theoretical attenuation model. A flow
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Figure 5.12: A flow diagram for the inversion procedure
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5.5.1 Downhill simplex method
The simplex method is an efficient iterative algorithm to solve unconstrained mini-
mization problems numerically for several but not too many variables. Quick con-
vergence and intelligent choice of linearization of the function to be minimized are
non-trivial key elements in general minimization algorithms. The method does not
use derivatives, analytic or numeric. It attempts to enclose the minimum inside an ir-
regular volume defined by a simplex (= an n-dimensional convex volume bounded by
(n-1)-dimensional hyperplane and defined by n + 1 linearly independent corners, e.g.
a tetrahedron for n = 3). The simplex size is continuously changed and diminished, so
that finally it is small enough to contain the minimum with the desired accuracy. The
operations of changing the simplex optimally with respect to the minimal/maximal
function values found at the corners of the simplex are contraction, expansion and
reflection, each determining new simplex corner points by linear combinations of se-
lected existing corner points [63]. The following demonstrates the easiest example of
how downhill simplex algorithm works for finding a local minimum of a function of
two variables. Let f(d1, d2) = (d1 − 12)2 + (d2 − 3)2 be the function that is to be
minimized. A simplex in this case is a triangle. First, the three vertices of the triangle
are given: Pi = (d1k, d2k), for k = 1, 2, 3. It should be noted that these given values
must not be the same (the simplex volume can not be zero) otherwise the motion
of the simplex is restricted and the algorithm will not converge to a minimum. The
function f(d1, d2) is then evaluated at each of the three points: yi = f(d1k, d2k), for
k = 1, 2, 3. Next, the points with the highest and lowest values of yi are determined.
They are called Ph(high) and Pl(low). The corresponding values of f(d1, d2) at these
two points are yh and yl, respectively. The centroid of the points Pi with i 6= h is then
calculated. There are now three possibilities how the point Ph can be replaced for the
next iterations: Ph can be reflected, expanded, or contracted towards the centroid.













































Figure 5.13: Possible motions of a simplex
The values of d1 and d2 found from the minimization of the function using downhill
simplex algorithm are 11.9990 and 3.0013, respectively. It should be noted that the
minimization is terminated when 20 iterations have been completed. These values
are obviously the absolute minimum of the function and so the convergence of the
optimization is not critical. Figure 5.14 shows that the points of simplex move through
d1-d2-plane originating at the values initially guessed. The choice of the values is
arbitrary. The centroid of the simplex is marked with a small circle. It can be seen
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from Fig. 5.14 that the area enclosed by the simplex decreases and finally converges
to zero. Figure 5.15 shows the range of the minimal and maximal values for d1 and d2
which the points of the simplex have at each iteration. After 20 iterations the points
































































Figure 5.15: Convergence of the Simplex algorithm after 20 iterations
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5.5.2 Entrained air void size and fraction measurement
The results of measurements of entrained air void size and volume fraction using
the Nelder-Mead simplex method are presented in Figs. 5.16 and 5.17, these figures
clearly show the convergence to the values of a = 0.26 and φ = 3.3%. These values
are within the range measured by Kalliopi et al. [62].
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Figure 5.17: Simplex convergence after 20 iterations, a and volume fraction, φ
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The values predicted by the inversion procedure (a = 0.26 and φ = 3.3%) are sub-
stituted into the theoretical model (5.14) and the resulting attenuation coefficient is
compared to the experimentally measured values; these results are used as a final
verification and are shown in Fig. 5.18. It is seen from this figure that there is good
agreement between the two data sets, with the best agreement in the 2-5 MHz range.
There is a great difference for frequencies below 2 MHz. A possible explanation for
this difference could be due to the assumption of only a single size of entrained air
voids present within the volume fraction, φ. It might be that the average void size
found from the simplex optimization is in fact an estimate of the dominant size that
exists in the microstructure of the specimen.
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Figure 5.18: Comparison of the experimentally measured attenuation with the sim-
plex optimized vales substituted into the theoretical model
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5.6 Effect of a void size distribution
Thus far, it has been assumed that there exist only entrained air voids in the cement
paste microstructure and they all have the same radius a = 0.26 mm and fraction φ =
3.3%. In general a distribution of void sizes and fractions (entrained and entrapped
air voids) will be present [21]. It is assumed in this section that the probability of the
two voids having different radii and fractions is a combination of normal distributions:





] where µ and σ are the mean and variance of the distribution,
respectively. Given that, the void volume distribution φ is approximated as shown in
Fig. 5.19(a), by N discrete segments. For the ith segment, the void radius is ai and the
number of voids at particular radius per unit volume ns,i can be calculated, as shown
in Fig. 5.19(b). Also, the scattering cross-section is γscai . In the single scattering
approximation, Eq.(5.14) is modified to give the expression for total attenuation,









Using Eq.(5.20), it is now possible to recalculate theoretical scattering attenuation.
The calculation results are plotted together with the results of the measurements
of the ultrasonic scattering attenuation coefficient in entrained air specimen and il-
lustrated in Fig. 5.20. It is seen that the assumption of a normal distribution is
reasonably good. As is shown in Fig. 5.20, the distribution influences the results
significantly. The deviation between the theoretical and measured scattering attenu-
ation in the frequency below 2 MHz (as observed from the previous section) no longer
exists. It is clear that these larger entrapped voids (> 1 mm in diameter) are most
likely present in the entrained air specimen. Entrapped air voids are approximately
up to 3 mm in diameter [21] and they can be accounted for in the expression for total
attenuation.
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Figure 5.19: A plot of (a) percentage of void fraction (normal distribution) and (b)
number void density vs. void radius (mm)
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Figure 5.20: Comparison of the experimental and theoretical scattering attenuation
result for the void size distribution
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Note that the Figure 5.19 and Figure 5.20 leave out some important details of the
forward problem — the problem of selecting the entrapped void fraction distribution
that would improve the match of the theoretical scattering attenuation values to the
experiment ones. Through the use of Figure 5.21 and Figure 5.22, the steps necessary
to operate on the forward problem will be explained as followed.
1. Fix a void volume fraction distribution of the smaller void to be such as one shown
in Figure 5.21(a). As illustrated in a black curve, the distribution of the entrained
air voids has a mean void radius a = 0.26 mm.
2. Pick several void volume fraction distributions of the second larger one (referred
to as entrapped air voids) that has a mean void radius a =1 mm. These distributions
are shown as green, red, and dotted blue curves in Figure 5.21(a).
3. Compute a number of entrained and entrapped air voids that are based on the
distribution of entrained air voids (as illustrated in black bars in Figure 5.21(b) ) and
entrapped air voids (as illustrated in green, red, and dotted red bars in Figure 5.21(b))
4. Compute theoretical scattering attenuation values that are based on a number of
air voids given in step 3. As shown in Figure 5.22, the black curve corresponds to
the entrained air voids while the green, red, and dotted red curves correspond to the
entrapped air voids.
5. Add up the theoretical scattering attenuation values obtained in step 4 (black+green;
black+red; black+dotted red), which then gives the dashed blue, solid blue, and dot-
ted blue curves in Figure 5.22. Notice that the solid blue (theoretical) curve shows
the best match to the experimental measured ones. This curve is calculated based
on the assumed distribution shown as red curve in Figure 5.21(a) and is the solution
one expect to obtain from the forward problem.
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Figure 5.21: A plot of (a) percentage of void fraction and (b) number void density
vs. void radius (mm) (forward problem)






























Figure 5.22: Comparison of the experimental and theoretical scattering attenuation
result for several void size distributions (forward problem)
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It is important to note that it is always possible to have multiple solutions (that is,
different combinations of void size and fraction leading to the same scattering atten-
uation profiles) for a single set of experiments. The scattering attenuation coefficient
let alone can not be used to discriminate a broad-size distribution if the attenuation
values are not measured over a broader frequency range. The phenomenon can be
depicted in Fig. 5.23 where different void fractions of entrained and entrapped air
voids are consider. They are all lead to the same scattering attenuation as depicted
in the same figure. This is in fact the most important observation and one really
needs to account for in the inversion when the information regarding the broadness
and uniformity of the void distribution are of important parameters.







































































Figure 5.23: Comparison of the experimentally measured attenuation with the sim-
plex optimized vales substituted into the theoretical model
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5.7 Summary
It has been shown that the theory of Ying and Truell [57] combined with the indepen-
dent single scattering approximation of equation 5.14 (following [29]) offers a good
description of ultrasonic attenuation in cement paste matrix containing a low volume
fraction of entrained air voids with µm radius. A complementary proof-of-principle
experimental program measures attenuation coefficients from pulse-burst signals in
the frequency range of 500 kHz-5MHz. An inversion algorithm is then used to de-
termine the average size and the volume fraction of the entrained air voids. It is
important to note that the theoretical study does not account for any possible distri-
bution of different air void sizes, although it is shown that a distribution of larger void
sizes and fractions can influence the profile of the scattering attenuation especially
in the frequency below 2 MHz. A future work could include a phase velocity pro-
file, a cumulative frequency distribution of void sizes and fractions into the inversion
algorithm for a more robust techniques.
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CHAPTER 6
Measurement of entrained air void size
and volume fraction in hardened cement
paste by ultrasonic techniques
By using the experience gained in the preliminary experiments, it is now possible
to apply the knowledge for the hardened cement paste composition characterization.
The microstructure of cement based materials varies within much wider limits than
that of metals and polymers. According to the selected mixture properties, cement-
based materials can contain many internal structural components and types (cement,
sand grains, coarse aggregates, voids and cracks filled with air or water) presenting
in varying sizes and distributions. Nevertheless, after slight modifications of say the
air-entraining mixture and water dosage, these voids and solid particles can also vary
in quantity to a much greater extent. The objective of this chapter aims to use ul-
trasonic attenuation for the characterization of hardened cement paste. Hardened
cement paste, a binder matrix of all cement-based materials is chosen because the
structural morphology is well documented. The constituents used for the hardened
cement paste are cement and water. Chemical air entraining agents can be incorpo-
rated in the fresh cement paste mix to generate a system of well-dispersed spherical
voids that can help protect the paste from freezing and thawing cycles. Varying water
to cement mass ratio (w/c ratio) as well as entrained air void content makes the struc-
tural morphology of hardened cement paste specimens very different. Its attenuation
behavior therefore is expected to be different. Ability to differentiate this difference
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using the ultrasonic attenuation knowledge base developed in previous chapters is
undoubtly crucial for the development of powerful nondestructive evaluation (NDE)
techniques for diagnostic test of cement-based materials. In this investigation, seven
different hardened cement paste specimens are made (each with a different entrained
air void content and w/c ratio). Attenuation analysis with coherent ultrasonic mea-
surement is then used for differentiation of w/c ratio and identifying the entrained
air void volume fraction and size.
6.1 Specimen Properties
Seven hardened cement paste specimens were manufactured with selected mixture
proportions as described in Table 6.1. These specimens contain various entrained air
void contents (by volume φ) and w/c ratio that are in a range commonly used in
practice. The basic ingredients for all specimens were were commercially available
Portland ASTM type I cement and water. A chemical air-entraining agent (Darex
supplied by W.R. Grace) was added to one set of specimens (the three specimens
with the EACP prefix, for entrained air cement paste) during the mixing process to
produce entrained air voids.
Table 6.1: Specimen specifications
Name w/c Darex entrained agent Diameter Thickness Entrained air fraction
(% by cement mass) (mm) (mm) (% by volume)
CP1 0.3 - 100 23.1-25.5 -
CP2 0.4 - 100 23.3-24.7 -
CP3 0.5 - 100 23.2-26.5 -
CP4 0.6 - 100 22.5-24.8 -
EACP1 0.4 0.2 100 23.6-26.5 4.1*
EACP2 0.4 0.6 100 24.7-26.2 8.1*
EACP3 0.4 1 100 22.7-24.8 12.2*
*As examined by a petrographer at Lafarge according to ASTM C 457
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A second set of four specimens (with the CP prefix, for cement paste) do not contain
the air-entraining agent. Prior to the mixing and molding, all the ingredients were
weighted with 0.1 milligram accuracy. 100 mm x 200 mm sealed plastic cylinders were
used to store fresh mixes and covered with plastic caps and kept in moist for 24 hours.
After 24 hours, all specimens were demolded and restored in an environmentally
controlled room for 27 more days at 22◦C. At 28 days of age, all specimens were
removed and cut using a water diamond saw. Clean cut specimens were polished and
dried to provide two parallel surfaces (22.5-26.5 mm thick) to allow transmission of the
ultrasonic longitudinal wave without reflections from the side boundaries. Figure 6.1
shows magnified digital images of typical areas of all specimens enabling a qualitative,
visual presentation of the relatively homogeneous cement paste matrix as well as the
entrained air void scatterers that exist in the EACP specimens but not in the CP
specimens.
6.2 Experimental
A schematic diagram of the experimental setup used for the attenuation measurement
is the same as the one shown in section 4.2.1 (coherent measurement setup). In
brief, two matched pairs of broadband transducers (one pair with a nominal center
frequency of 2 MHz, and a second pair with a nominal center frequency of 5 MHz) are
used to generate and detect longitudinal ultrasonic waves. The method outlined in
section 5.3 is subsequently applied to the acquired signals to achieve a proper analysis
of the total (intrinsic) attenuation – the coupling of both absorption and scattering
over a broad ultrasonic frequency range of 0.25-5 MHz.
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(a) (b)
Figure 6.1: From the top: typical structure of (a) CP2, CP3, and CP4 (b) EACP1,
EACP2, and EACP3
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6.3 Quantitative results for each material system
Figure 6.2 and 6.3 show the total attenuation coefficients of the longitudinal waves
as a function of frequency for the hardened cement paste specimens with different
entrained air void contents and hardened paste specimens with different water to
cement mass ratio respectively. Noting from the measurement procedures described
in section 5.4, attenuation measurements are made at five different spatial locations
in each of the seven specimens. The results from these five locations are averaged to
develop a frequency dependent, total attenuation curve for each specimen.
6.3.1 Effect of entrained air void content
Figure 6.2 presents a summary of the (average) total attenuation values for all three
EACP specimens (the three specimens made with air-entraining agent), plus the CP2
specimen (a cement paste specimen made without the air-entraining agent, but with
the same w/c ratio). Note that the error bars which are based on the maximum
and minimum values of the five spatial locations (at each specific frequency) are
not included for visual clarity. Figure 6.2 enables a qualitative comparison of the
directly measured attenuation results in these four specimens, and clearly shows that
the influence of the entrained air voids. In brief, the attenuation in cement paste
specimen is much lower than all three of entrained air specimens; the entrained air
voids cause significant (scattering) attenuation (in this frequency range).
Next, the total attenuation in the three EACP specimens is directly related to
the amount of air-entraining agent included in their respective mixes; the more air
entraining agent, the larger the total attenuation (at a specific frequency). Finally,
the attenuation behavior in the CP2 specimen is generally linearly increasing with
frequency, while the three EACP specimens exhibit a nonlinear frequency behavior;
this overall behavior is predicted by fundamental scattering theory.
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Figure 6.2: Effect of entrained air content on frequency dependent attenuation coef-
ficient, α (longitudinal only) measured in the hardened cement paste specimens



































Figure 6.3: Effect of w/c ratio on frequency dependent attenuation coefficient, α
(longitudinal only) measured in the hardened cement paste specimens
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6.3.2 Effect of w/c ratio
The most crucial parameter affecting the inhomogeneous nature of hardened cement
paste is considered to be the w/c ratio and the increase of void (irregular shape
and population) with increasing ratio of water dosage has been reported for hard-
ened cement pastes [64]. The case concerning water content influence on attenuation
measurement is considered here. Figure 6.3 shows the (average) measured total at-
tenuation, α as a function of frequency for the four cement paste (CP) specimens
(each cast with different w/c ratios). There is generally a linear relationship between
α and frequency in Fig. 6.3, and note that the total attenuation is much higher in
the EACP as compared to the CP (as evidenced by Fig. 6.2). The reason for this
lower attenuation is that the scattering contribution, αs, is nonexistent in the CP
specimens at these frequencies, so Fig. 6.3 shows the relationship between changes
in w/c ratio and absorption attenuation, αa. This same linear relationship between
absorption attenuation and frequency has been reported in polymers and biological
tissues [46– 47] and is referred to as hysteresis absorption.
6.3.3 Entrained air void fraction and size estimation
In order to draw specific information aiming at composition characterization of en-
trained air void in hardened cement paste, the theoretical model relating the total
frequency dependent attenuation coefficient α with entrained air void parameters,
previously described in chapter 5, is considered.
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Figure 6.4: Comparison of the experimentally measured total attenuation with the
forward predictions using simplex optimized values assuming single sized void distri-
bution for EACP2 specimen
As detailed demonstration of the use of the model, consider the results from a
typical EACP2 specimen. Figure 6.4 shows the experimentally measured total atten-
uation together with error bars, α (in Np/m), as a function of frequency (longitudinal
waves only). This is to compare to the attenuation values predicted by the inversion
procedure [ labeled as Forward Prediction EACP2 (monosize) ]. Noting from the
previous chapter that the total attenuation in this entrained air specimen is the
sum of both absorption (cement paste matrix – CP2) and scattering (entrained air
voids). The scattering effect could be separated out by subtracting the (longitudinal)
attenuation measured in the cement paste specimen CP2 and this scattering only
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attenuation is used in the inversion analysis to obtain quantitative information about
the entrained void size and volume fraction that exist in the EACP2 specimen. The
inverse procedure treats the entrained air average void size, a, and volume fraction,
φ as unknowns. Starting with the arbitrary initial guesses the theoretical frequency
dependent attenuation values of entrained air hardened specimen is optimized to fit
with the measurement values using the 2-dimensional Nelder-Mead downhill deriva-
tive free simplex algorithm to obtain the quantitative information about the entrained
air average void size a and volume fraction φ. The inversion for this particular appli-
cation is smooth with direct convergence to a single set of values, without any local
minima. The range of the minimal and maximal values for entrained air void size
a and volume fraction φ which the points of the simplex have at each iteration are
shown in Fig. 6.5 and 6.6. After 30 iterations the points have converged to the real
solution and the values a and φ predicted by the inversion are 0.35 mm and 7 %,
respectively.
The values predicted by the inversion method are back-substituted into the theoretical
model so that the total attenuation coefficient of the longitudinal wave in entrained
air hardened cement paste specimens can be recomputed as shown in Fig. 6.4. A
comparison of the obtained attenuation shows that there is good agreement between
the model prediction and the experiment, with the best agreement in the 1.5-5 MHz
range. There is also a greater difference between the model prediction and experiment
for frequencies below 1.5 MHz. A possible explanation for this could be due to the
assumption of only a single size scatterer (entrained air void) present within the
microstructure; this behavior can be explained by the presence of additional larger
entrapped air voids, which do exist in reality with a certain distribution but are not
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Figure 6.5: Simplex algorithm for the optimization
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Figure 6.6: Convergence of the simplex algorithm
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Table 6.2: Results of ultrasonic measurement of entrained air hardened cement paste
specimens in comparison with results obtained by ASTM C457-98
Name Volume Fraction, φ (%) Radius, a (mm)
ASTM C457-98 Simplex Percentage Simplex Optical Reading
(Method B) Prediction Difference Prediction Maximum
EACP1 4.1 3.3 19.5 0.33 0.32
EACP2 8.1 7 13.5 0.35 0.36
EACP3 12.2 11.3 7.4 0.50 0.49
Using the above methodology, Table 6.2 summarizes the best estimate a and φ val-
ues in the EACP1, EACP2, and EACP3 specimens obtained from the optimization
routine and this is visually presented in Figure 6.7 where the experiment measured
and forward prediction are coherently plotted on the same graph.
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Figure 6.7: Correlation plot of predicted vs. actual values of total attenuation coeffi-
cients from entrained air hardened cement paste specimens
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A comparison of the inversion results with the results obtained with the ASTM C457-
98, method B [39] is listed in Table 6.2. A close correlation between φ the volume
fraction “attenuation” predictions and the values directly (optically) measured fol-
lowing ASTM C457-98, method B is apparent. A very good agreement between
these two set of values demonstrates the accuracy and effectiveness of using attenua-
tion to measure entrained air void size and volume fraction in hardened cement paste.
ASTM C457-98 does not estimate the size of the entrained air voids, so another
method is needed to validate the entrained air void sizes, a that are predicted with the
inversion procedure. A commercial image analysis software package, IMAGE-PRO
Plus, is used to calculate a “maximum” circularity index (or radius) by examining
magnified digital surface area images (similar to Fig. 6.1). The procedure considers
five randomly selected images (each with an area of 238 mm2, and details are avail-
able in appendix C. Again, the results for the three EACP specimens are summarized
in Table 6.2. There is very good agreement between the entrained air void sizes
predicted by inversion of the attenuation data, and those optically measured. This
very good agreement is further indication of the accuracy of the proposed ultrasonic
procedure.
Deviations between predicted and measured total attenuation values are observed
consistently in EACP specimens. As mentioned and shown earlier in Fig. 6.7, these
are most likely due to the limitations of assessing over all possible air voids of the
hardened cement paste and that has to do with the limitations of single sized scat-
tering assumption used in the theoretical model. Working on improving the overall
resolution of the statistical shape and distribution of air void size and volume fraction
should better explain this. Following Mehta et al. [21], consider a more complicated
cement paste microstructure system that has two dominant void sizes and fractions
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(each having a normal distribution) as shown in Fig. 6.8 for the case of EACP1 and
EACP2 and in Fig. 6.9 for the case of EACP3. The distribution of the smaller voids
(referred to the entrained air voids) has a mean void radius of the a values from
the inversion procedure (listed in Table 6.2), while the larger one (referred to as en-
trapped air voids) has a mean void radius of 1 mm and bigger (as suggested by [21]).
Note that both distributions are symmetric, and have the same standard deviation,
with more values near the center of their distribution, and relatively fewer in the tails.
With this assumed microstructure, it is now possible to calculate the number of voids
at a particular radius, per unit volume (calculated by ns =
3φ
4πa3
), which are shown
in both figures. It is now possible to analytically predict the scattering attenuation
coefficient for this new, two-size distribution microstructure by superimposing these
discrete void sizes, and then calculating a new theoretical scattering attenuation with
the theoretical attenuation model. By summing both absorption (cement paste matrix
- measured from CP2 specimen) and the scattering attenuation, a new theoretical
total attenuation is in a better agreement between the experimental values as shown
in Fig. 6.8, for the case of EACP1 and EACP2 specimens and in Fig. 6.9 , for the
case of EACP3. It is clear that the inclusion of a second (larger in size but lower in
population density) scatterer improves the prediction of total attenuation coefficient
(especially in the low frequency region); there is a much better agreement between
the experimental and theoretical results. Note that these larger scatterers are most
likely present in both the cement paste and entrained air cement paste specimens in
the form of larger entrapped air voids. Future work could include this distribution
into the inversion algorithm for a more robust measurement technique.
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Figure 6.8: Comparison of the experimentally measured attenuation with the analyt-
ical predictions using simplex optimized values and the assumed two void size normal
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Figure 6.9: Comparison of the experimentally measured attenuation with the analyt-
ical predictions using simplex optimized values and the assumed two void size normal
distributions for the case of EACP3
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6.3.4 Relationship between w/c ratio and absorption atten-
uation
Measurement results conducted in hardened cement paste specimens containing dif-
ferent amounts of water reveal the pronounced effect of water content in the total
attenuation. In Fig. 6.3 the attenuation vs frequency curves for different w/c speci-
mens CP1, CP2, CP3, and CP4 is depicted. There is generally a linear relationship
between α and frequency, and note that the total attenuation is much higher in the
EACP as compared to the CP specimens. Noting from the model that the total
attenuation is the sum of absorption and scattering. The microstructure of these
specimens, which is mainly controlled by w/c, does not exercise significant influence
on scattering but on absorption, so Fig. 6.3 shows the relationship between w/c ratio
and absorption attenuation, αa. This same linear relationship between absorption at-
tenuation and frequency has been reported in polymers and biological tissues [46– 47]
and is referred to as hysteresis absorption.
This measured absorption attenuation behavior can be explained by considering the
influence of w/c ratio on microstructure. Consider [64], who report that changes in
w/c ratio will result in changes in the volume of solids and capillary voids (the irreg-
ular 10 to 1000 nm void spaces sometimes filled with viscous liquid, but not occupied
by the solids nor entrained air voids). A popular method of calculating the total
volume of these voids is with the Power phenomenological model, and following [21],
the ratio of capillary voids to total solids (hydration products and unhydrated ce-
ment) is shown in Fig. 6.10 for these four w/c ratios. There is a clear increase in the
volume of capillary voids (and a corresponding decrease in the amount of solids) with
increasing w/c mass ratios. Biot’s theory [65], which is based on the friction losses
of a fluid as it moves within the capillary voids, can be used to predict absorption
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attenuation in such materials. While Biot’s theory can explain the phenomena of
increasing absorption attenuation for increasing w/c ratio, further research is needed
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ASTM standard curing, Cement hydrated at 28 days, a 75% degree of hydration
Figure 6.10: Microstructural phase model of hardened cement paste comprising solids,
capillary voids and air with varying water/cement ratio
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6.4 Summary
The objective of this study is two-fold: the study of ultrasonic wave propagation in
hardened cement paste followed by an investigation on the possibility of character-
izing microstructural properties. Results from the coherent measurement performed
on a set of cement paste specimens with entrained air void content and w/c ratio
varying indicate the attenuating nature of hardened cement paste. The dominant
role of the entrained air void content in wave propagation affecting longitudinal wave
attenuation is highlighted. Remarkable differences, especially in total frequency de-
pendent attenuation, where entrained air rich mixes exhibit much higher attenuation
than paste for megahertz frequencies. This leads to the assumption that the total
attenuation of ultrasonic wave in the entrained air specimen can be related to the
absorption in the cement paste matrix and scattering by the entrained air void. The
theoretical investigation using established single (one-size) scattering theory is under-
taken and the inversion algorithm applied on the experimentally measured scattering
attenuation leads to the prediction of entrained air void size and volume fraction
in each specimen. The accuracy of these ultrasonic predictions is verified by direct
comparison to optical results. There is very good agreement between these two sets
of results, showing the accuracy of using attenuation to measure entrained air void
size and volume fraction in hardened cement paste. These attenuation measurements
are then used to quantify the existence of additional larger entrapped air voids in the
microstructure.
A final component develops a direct relationship between attenuation and w/c ratio.
The dominant role of water content in wave propagation affecting both longitudinal
wave velocity and attenuation is also highlighted. The major result of the experi-
mental attenuation measurements has been to show that higher w/c ratio results in
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higher absorption attenuation. A phenomenological model based on the existence
of fluid-filled capillary voids (free volume not occupied by the solid) is used to help
interpret the experimentally observed behavior. Guided by the experimental results
found from these measurements, the free volume segments are the critical source of
absorption losses in cement paste, and the absorption attenuation increases with in-
creasing free volume.
Overall, this research shows the potential of combining ultrasonic measurement tech-
niques with theoretical wave propagation models to quantitatively characterize cement-
based materials. The technique posses the potential to be developed into a cheap but




Application of diffusion sound field to
attenuation measurement of cement-based
materials
In Chapter 5, it is found that the sum of longitudinal waves that are singly scattered
by random distributed heterogeneities can provide an adequate first order model
of the scattering attenuation of the entrained air hardened cement paste. As elapse
time increases, however, double, triple and higher-order multiple scattering contribute
more than the single scattering process should be expected. A systematic approach
for modelling the multiple scattering process is to use the principle of conservation of
energy, in the form of the equation of radiative (energy) transfer. The theory states
that at times long after an ultrasonic source has applied onto a solid body containing
many scatterers, long that is compared to the typical time between the randomizing
scattering events of an ultrasonic ray, the average transmission of ultrasonics energy
may be described by the diffusion process. Many researcher who are accustomed
to thinking of the propagation of scattering waves in terms of deterministic elastic
wave theoretical approach, the notion of a diffusion process may seem improper.
However, this is simply a different approach to the problem, and the characteristics
of scattering waves is never denied. The diffusion process is probabilistic, which treats
only the statistical aspects of the flow of energy, the total energy is conserved, and
the equation that governs the energy flow is the diffusion equation with an additional
term representing linear dissipation to heat. Thus it should apply equally well to the
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description of the ultrasonic waves propagating in scattering medium, especially in
the measurement of attenuation of ultrasonic waves providing a sensitive probe to
the microstructure and the properties of material in which they propagate. In this
chapter, the application of the diffusion formalism to the propagation of ultrasound
pulses transmitted through seven cement paste specimens (each made with different
entrained air void contents and w/c ratios) is explored. These specimens have been
used in chapter 6. It can be shown that the use of diffusion equation and the key
parameters (dissipation and diffusivity associated with the equation) does provide a
good description of the propagation of ultrasonic waves in cement-based materials.
There is a reasonable correlation between the dissipation and the amount of the
cement paste present in these samples and the corresponding values can be related to
the absorption attenuation values measured with a coherent measurement procedure
(if the phase velocity is known). The measured diffusivity shows quantitative trends
but does not precisely resolved variations in microstructure of the cement paste.
7.1 Diffusion formalism
The transmission of ultrasonic energy through strongly scattering media may be con-
sidered as a diffusion process. In this case, a measured of scattered wave field can
not be easily approximated as a small disturbance of the direct waves as assumed
in the Born approximation or in the quasi crystalline approximation [48], [66– 67]
— these theories depend highly on geometry and dimensionality, as well as on the
nature of the waves. As an alternative, the radiative transfer equation or the diffusion
equation is used [42], [68–70] where instead of the reciprocity for the amplitude prop-
agation of the waves the transport of energy in the scattering medium is examined.
In this approach, the average energy density (energy per frequency and per volume)
is treated as a wave undergoing a random walk. Subsequently, the phase information
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is neglected and the variation of energy in time and space can be described by an
analytical equation.
The success of the diffusion approach to the interpretation of the multiply scattered
ultrasound in relation to much material micro-structural heterogeneity indicates that
this is a valid approach. On using the diffusion equation, Guo et al [71] studied
multiply scattered ultrasound in polycrystalline iron. Weaver et al [72] did similar
work on brasses, steels, and aluminum foams. Page et al [73] studied diffuse multiply
scattered ultrasound in a slurry of glass beads in water. Changes in phenomenological
diffusion parameters of that diffusion equation — the diffusivity and the absorption
were found however it becomes one of the experimental challenges in measuring these
parameters. One of the reasons is that only a few materials actually exhibit strong
scattering at the working frequencies. Another lies on the technology necessary to
separate the frequency, time and space dependence of the speckle. Speckle is the
result of the interference of scattered wave and can exist over a large domain of the
ratio of scattering mean free path to the thickness of the specimen.
Anugonda and Turner [19] applied the diffusion approximation theory to concrete.
The ultrasonic diffusion experiments were conducted on a series of circular cylinders
of concrete over the range of 0.1-0.9 MHz. The diffusion of ultrasonic energy pa-
rameters was modelled by a 1-D diffusion equation. Dissipation and diffusivity were
extracted from experimental data using a linear regression fit to the equation. The
variation in the calculated parameters was found for one type of concrete having a
water/cement/sand/aggregate mixture of 1:0.5:2.5:5. Becker et al [28] on the other
hand used a 2-D diffusion theory to quantitatively measure dissipation and diffusion
coefficients as a function of frequency and microstructure. The study was done by
examining specimens made of a Portland cement paste matrix and glass bead with a
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variety of sizes and distribution over a higher frequency range (0.3 - 2 MHz). Using
a very small point-like padded transducer, the amplitude of the scattered ultrasound
signals is measured. Experimentally measured ultrasonic waves are interpreted us-
ing diffusion theory and statistical time-frequency analysis. The results demonstrate
one advantage of using diffuse ultrasound to measure dissipation and diffusivity in
a separate manner. Both measured dissipation and diffusivity values convincingly
demonstrated the effect of some features of the microstructure and validity of us-
ing the diffusion approximation on describing the propagation of ultrasound through
cement-based materials. Additional theoretical studies were conducted through the
use of the elastodynamic finite integration technique [74]. The 2-D concrete beam
was modelled by using aggregates and air-filled voids embedded in a homogeneous
cement paste matrix. The beam was subjected to a broad frequency excitation range
from 0 to 1.5 MHz and diffuse responses were measured 45 cm away from the source.
The numerical results of the plane strain analyses revealed a significant impact of
porosity on the diffusion coefficients.
7.2 Basic diffusion equation
The formal derivation of diffusion equation has been given by Dainty and Toksoz [50].
For the sake of completeness, those equations as in acoustics will be repeated here to
give a simple but generic idea of how the equation is derived. The extension to the
elastic solid is then discussed for the application of ultrasonic experiments.
A situation is given in which the effect of scattering is so strong that all energy is
scattered energy. The wave field is assumed as being made up of plane waves of
frequency f , travelling in all directions with random phases — thus, energies are
additive, not amplitudes. If one define direction by polar angles θ, ϕ, and e(~r, t, θ, ϕ)
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as the energy density at (~r, t) of waves propagating in direction (θ, ϕ), then the total




e(~r, t, θ, ϕ)dϑ (7.1)
where dϑ is an element of solid angle and the integration is over all solid angles.
It should be noted that the medium through which the waves are propagating has
a wave velocity cE, and ns scatterers per unit volume. The scatterers each have a
scattering cross section γsca and a differential scattering cross section Ω(Θ), taken to





It should be noted that γsca and Ω(Θ) are generally strong functions of frequency.
Consider an elemental volume V , and the waves travelling in direction θ, ϕ. Then the












nscee(θ, ϕ)Ω(Θ)dϑ́− σe] (7.3)
The first term on the right in Eq.(7.3) is the net flux across the surface S of the
elemental volume V , with normal ~n, the second term represents energy scattered out
of θ, ϕ from all other direction θ́, ϕ́, the third term represents energy scattered out of
θ, ϕ into all other directions, and the fourth term represents energy dissipated into
heat in terms of dissipation coefficient σ.
For the flux expression for a travelling wave ~F = ce~ke, where ~k is a unit vector in the




+ ~∇ · ce~ke+ σe =
∫
S
nsceΩ(Θ)[e(θ́, ϕ́) − e(θ, ϕ)]dϑ́ (7.4)
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Notice that this is the time-dependent equation of radiative transfer theory [75]. In
deriving Eq.(7.3) and Eq.(7.4) it is assumed that it is possible to define a volume
sufficiently small that multiple scattering may be ignored within V . Notice that
this assumption is coincided with assumption made early on the independent single
scattering theory. Next, it is one wish to parameterize the scattering medium in terms
of a scale length. To do this, a wave field consisting of a plane wave travelling in some
particular directions is considered θ0, ϕ0 at t = 0
e(~r, t, θ, ϕ) = δ(θ − θ0)δ(ϕ− ϕ0)e(~r, t) (7.5)
As time increases, energy will be scattered into other directions, and eventually, via
multiple scattering, back into the direction θ0, ϕ0. It is, however, temporarily ignore
this latter effect as well as an elastic attenuation, i.e., the first term in the square













where s is a distance in which waves
travel with a particular wavefront, then
de
ds








is the scattering mean free path. The scattering mean free path
defined above is the average distance energy travels before it is scattered, and is the
characteristic scale length of the scattering process as mention before in chapter 3.
Since γsca is a function of frequency, so is ls; ls may be greatly different for waves of
different frequencies.
Let us now return to the case of a random wave field with energy travelling in all
directions. The terms on the right hand side of Eq.(7.4) represent the exchange of the
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energy through the scattering process between waves travelling in various directions.
If the scattering is strong, however, and a time long compared with ls
ce
has passed, a




Ω(Θ)[e(θ́, ϕ́) − e(θ, ϕ)]dϑ́ −→ 0. (7.8)
Eq.(7.8) demands that all of the energy be scattered energy. Eq.(7.4) may be further
modified by noting that it is written in terms of e(~r, t, θ, ϕ), which is not a measurable
quantity if waves travelling in different directions can not be separated. Integrations
over all angles will yield 〈E(~r, t)〉, which is measurable. Performing the integration
∂〈E(~r, t)〉
∂t
+ ~∇ · ce
∫
S
~ke(~r, t, θ, ϕ)dϑ+ σ〈E(~r, t)〉 = 0 (7.9)
To evaluate the second integral in Eq.(7.9), additional assumptions that at any points
in the medium, under the influence of strong scattering, radiation is isotropic to zeroth




e(~r, t, θ, ϕ)dϑ = 4πe(~r, t). (7.10)
Since energy travels a finite distance ls before being scattered, the energy field can
not be completely isotropic unless the energy field is also homogeneous. If a gradient
of energy is present, slightly more energy will come from the up gradient direction
than from the down gradient direction, because there is more energy present at a
distance ls in the up gradient direction. Using Eq.(7.10), then
e(~r, t, θ, ϕ) =
1
4π
(〈E(~r, t)〉 + ls~n · ~∇〈E(~r, t)〉) (7.11)
Eq.(7.11) states that the energy seen at ~r has come from the surface of a sphere of
radius ls centered about ~r. ~n in Eq.(7.11) is a unit vector from ~r pointing in the
direction 180 − θ, 180 + ϕ. Thus ~k = −~n in Eq.(7.9). The remaining integral in the









~ndϑ = 0 (7.12)
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~n[~n · ~∇〈E(~r, t)〉]dϑ = − ls
3
~∇〈E(~r, t)〉. (7.13)
Eq.(7.13) is derived by setting up a rectangular coordinate system with one axis, x,
say along the direction of ~∇E(~r, t). Contributions along the y and z axes then cancel







∇2〈E(~r, t)〉 − σ〈E(~r, t)〉 (7.14)
The parameter cels
3
will be written for the three-dimensional case as D, and is known
as the diffusivity. The parameter σ is known as dissipation, as previously stated as a
function of frequency. This derivation is similar to that used in the kinetic theory of
gases [76].
The discussion above was for the acoustic case. In homogeneous elastic solids two
types of waves, compressional and shear waves, exist. The diffusion equation as
derived in acoustics may apply. The general diffusion equation found in many books
[77], [78] and can be written as
∂〈E(x, t, f)〉
∂t
−D 4〈E(x, t, f)〉 + σ〈E(x, t, f)〉 = P (x, t, f) ∀x ∈ B (7.15)
where 〈E(x, t, f)〉 is spectral energy density (at time t and frequency f) at the point
specified by the vector x, averaged over configurations of the media. P (x, t, f) is the
spectral source energy density, D denotes the frequency-dependent diffusion coeffi-
cient and σ > 0 is the dissipation rate.
If there is strong scattering (or scattering is isotropic), the compressional and shear
waves will be coupled, and if the coupling is strong enough the two waves will locked
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in to a radiation balance [70] which depends only on the properties of the scatter-
ing medium, provided that the time and distance scales of the problem are much
longer than the corresponding scales for the scattering process. Thus, diffusivity and
dissipation coefficients appear in Eq.(7.15) are directional independent.
7.3 Special solutions of the diffusion equation
Solutions for certain (common) geometries are derived. The frequency dependence of
the coefficients σ, D and the energy density 〈E〉 is omitted in the reminder of this
chapter.
7.3.1 One-dimensional bar
Eq.(7.15) is solved for a semi-infinite bar with an impulse excitation P (x, t) = P0δ(t)δ(x).
The bar thickness is t << L, so the problem can be treated as one-dimensional with
x as a scalar variable neglecting the wave propagation perpendicular to x. This leads






+ σ〈E(x, t)〉 = P (x, t) (7.16)
∂〈E(x, t)〉
∂x
= 0 for x = 0 (7.17)
The solution of this equations is given by






This is the solution that Turner uses to model the diffusion of ultrasound in a 1-D
geometry [19]. It has the big advantage that easy linear regression to measured data
is possible after a logarithm is taken on both sides.
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7.3.2 Circular disc with radius R

















After plugging the transformation Eq.(7.19) into Eq.(7.15) and confining the devel-
opment to the case of radial symmetry, a nonlinear PDE in the new coordinates r













) + σ〈E(z, r, t)〉
= P (z, r, t) (7.20)
The two boundary conditions transform into one boundary condition on the flux at
r = R and the requirement that the solution 〈E(z, r, t)〉 has to be finite at r = 0.
An analytic solution that satisfies these conditions is a infinite series involving Bessel
functions.














J0 and J1 denote the Bessel functions of zeroth and first order, αn are the positive
roots of J1(Rα) = 0. Note the complex structure of the equation making it difficult
to use it for a robust curve fitting procedure as it is needed later on.
7.3.3 Two-dimensional plate
Eq.(7.15) is solved in rectangular coordinate system (x, y) with an impulse excitation
at the origin.
P (x, y, t) = P0δ(t)δ(x)δ(y) (7.22)
The plate thickness is small relative to the plate size, therefore the gradient in z-
direction is approximately equal to 0. The plate is assumed to have infinite extent
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(x→ ∞, y → ∞). From this, a closed-form solution is easily found.




In Eq.(7.23), x2 + y2 can be set to r2 to clarify that this solution is radial symmetric.
Eqs. (7.18),(7.21), and (7.23) describe the form of the envelope with time at a given
range of r, where P0 is the power spectrum of the source. Curves based on these
equations have been used in the studies of multiply scattered diffuse ultrasound. In
this study, the solution of eq.(7.23) is used to approximate the ultrasound diffusion in
the circular specimen of thickness b and varying entrained air void volume fraction.
It is anticipated that the dissipation — the inverse equivalent measure of absorption
attenuation, is only due to the matrix paste and not the entrained air voids. If this is
true, the dissipation in Eq.(7.23) has to be dependent on the amount of cement paste
matrix (unoccupied void space) in the specimen and that should be proportional to
the fractions of the voids presence in the specimen as predicted early on using inde-
pendent single scattering theory.
In the limit of many scattering events, laboratory diffusivities have been studied, it
appears only few published for cement-based materials and deserves further investi-
gation. While one imagines that D could be varied roughly as functions of frequency.
Another objective of this study is to repeat the measurements such as that of Becker
et al. [79]. The attempt to extract and study of D is envisioned as progress towards
an eventual nondestructive implementation of measurements of scattering attenuation
and the specific microstructure of cement-based materials.
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7.4 Numerical time domain simulation of a diffu-
sion process
To have a better understanding of how D and σ, coefficients affect the energy density
〈E(r, t)〉, variations of the D and σ are used in Eq. (7.23) to numerically simulate
the energy density values. As can be seen from Fig.7.1, variations in dissipation σ
(in 1
s
) lead to very different exponential decay at late times while diffusivity D (in
m2
s
) lead more to changes at early times, including the edge rate and the delay in the
arrival of the energy maximum caused by scattering. For this document, “edge rate”
is meant to indicate the time for the diffusing energy to develop its maximum tmax
and that time can be computed by differentiating Eq.(7.23) with respect to time and
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Figure 7.1: Results of the numerical experiment for the logarithm of energy density




To test the applicability of the diffusion equation to ultrasonic energy propagation in
heterogeneous cement-based materials a set of ultrasonic diffuse measurements was
carried out in the laboratory. The experiments used the propagation of ultrasonic
pulses in two cement paste specimens made of a cement paste matrix with and with-
out entrained air voids. Both specimens were circular in shape with diameter of 100
mm and thicknesses of about 20 mm. The model scatterers consisted of randomly
distributed spherical entrained air voids (with diameter smaller than the dominant
wavelength). The preparation of these specimens was described earlier in Chapter
5 section 5.4 and shall not be repeated here. The cement paste matrix was used to
simulate the effect of viscoelastic properties of cement-based materials onto the dis-
sipation. An addition of entrained air voids (or scatterers) into the matrix simulates
the effect of scattering as well as a reduction of dissipation.
A schematic diagram of the experimental setup is shown in chapter 4, section 4.2.2.
In brief, a pulse of approximately 1.5 µs duration is generated by the pulse generator
and applied to the specimen by the LC50-5 source transducer. A digital wave B1025
receiving transducer is mounted at the opposite side and measured 40 mm off the
center from the source transducer. The bandwidth of the source and receiver trans-
ducer combination is from 0.45 to 3.0 MHz and that gives the center frequency of
about 1.7 MHz which corresponds to the wavelength of about 2 mm.
A 1 x 1 mm contact pad was attached on the receiving transducer surface prior to
the mounting. This is to enable point-like detection. This process is to eliminate the
effects of having more than one speckle impinge on the transducer, while retaining the
good sensitivity of piezoelectric transducers [73],[79]. The multiply scattered diffuse
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ultrasonic field is recorded with 30000 points at 25 MHz sampling rate. This corre-
sponds to the total time of 1200 µs. Due to both the presence of intrinsic absorption,
and to the dilution of volumetric distribution of entrained air voids, measured diffuse
field signals are expected to be weaker, meaning electronic noise can be a problem.
In order to improve the signal to noise ratios, the repetitive signals were averages,
as much as 500 times during the acquisition on a digital oscilloscope. According
to a simple calculation, this averaging procedure reduces the noise power level by
loge(500) = 6.2 nepers of power (or 27 dB) and increased the signal to noise ratio by
the same amount.
7.5.1 Calculation of energy density and fitting procedure
A typical typical recorded time domain signal obtained from the ultrasonic model
experiment is shown in Fig. 7.2. As described in Becker [79], this waveform may
be inverted for the three parameters σ, D, and P0 by performing a time-frequency
analysis for its fit to the solution of diffusion equation.
7.5.1.1 Time-frequency analysis for energy density estimation
The waveform such as one shown in Fig. 7.2 is first divided into several overlapping
time windows ( ∆t = 60µs each with overlapping of 75− 90 %). Each time window
is given smoothed edge with a Hanning window, as the one shown in Fig. 7.3, [53]
and separately calculate the Discrete Fourier Transform. For each overlapping time-
window the power spectrum is then squared and integrate over the frequency bin of
arbitrary width (∆f = 0.2 MHz). The result is a quantity proportion to the energy at
the center band frequency fc as a function of time, Ê(r, t, f). Ê(r, t, f) is not precisely
ultrasonic energy density 〈E(r, t, f)〉, but differs from that by a factor related to trans-



























Figure 7.2: The first 600 µs of a 500 repetition average diffuse response of a cement



































Figure 7.3: A normalized Hanning window
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For example, it has been shown that the measured Ê(r, t, f) fluctuates away from
〈E(r, t, f)〉 by one part of the square root of the product ∆t and ∆f [79], [80]. For
the results presented in this chapter, ∆t = 60µs and 4f = 0.25 MHz, such that the
〈E(r, t, f)〉 should be differ from Ê(r, t, f) by the factor of ±1/
√
(4t4f) = ±25%.
The fluctuations are reducible by increasing ∆t and/or ∆f . However, an increasing
proportion of ∆t and ∆f lead to loss of time as well as frequency resolution, and
hence decreases the quality of the diffusion model parameters when performing a fit
to the data.
7.5.1.2 Fitting Procedure
By taking the natural logarithm, the Eq.(7.23) can be linearized. Then Eq.(7.23)
becomes






B = −σ, (7.26)




If the spectral energy density Ê can be measured for time t > 0 at a reference dis-
tance r and at a certain frequency f then the quantity loge〈Ê〉+ loget depends only
linearly on the three base function 1, t and 1/t. Applying the standard method of
least squares [81] the three unknown parameters A, B, and C can be computed. After
the inversion, the parameters D, σ, and P0 (or αa, αs, and P0) are calculated from
A, B, and C. The first two parameters D and σ are sensitive to the material losses
whereas the third parameter P0 is highly related to the measurement related factors
and thus P0 obtained from the calculations will not be addressed.
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Figure 7.4 shows a typical plot of the tabulated observed energies (loge(energy)), ver-
sus time for each of several frequency bins. Superimposed on the scatter plot in the
same figure is the best-fit solution to the two dimensional diffusion equation. The
expected deviations ( as calculated and mentioned in section 7.5.1.1 ) are also plotted
as bars at some points on the curves and they are all the same for all points.



































← fc = 0.3 MHz
← fc = 1.2 MHz
fc = 2.2 MHz →
Figure 7.4: Experimental energy envelopes (dot curves) and theoretical fits to a two-
dimensional diffusion equation (dashed curves) for the cement paste specimen at fc =
0.3, 1.2, and 2.2 MHz. Bars show plus/minus expected deviations based on the
product of ∆t and ∆f
.
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7.5.2 Evaluation and discussion of the recovered diffusion pa-
rameters
The ultrasonic diffusion experiments were conducted on cement paste and entrained
air cement paste specimens having the same water to cement mass ratio of 0.4. Exper-
imental waveforms were collected from five locations where r = 40 mm. Dissipation σ
and diffusivities D were then calculated from experimental data by fitting the energy
curves to solutions of the two dimensional model partial differential equation. Figure
7.5 shows the five locations of the energy curve fits. The time range used for energy
curves fitting at certain frequencies are listed in Table 7.1. For each specimen, the
recovered dissipation σ as well as diffusivity D were plotted and shown as a function
of frequency (see Fig.7.6 and 7.7). It should be noted that not all values are displayed
for all specimens. The missing points are for cases where data did not allow reliable
or consistent estimates of dissipation σ and diffusivity D especially in the frequency
range above 2.25 MHz. As was hypothesized earlier, if dissipation and diffusivity
were all influenced by material microstructure then the dissipation σ and diffusivity
D values observed in one specimen should be different from another. A comparison
of the average σ and D values obtained from these plots will be used and discussed
towards the final conclusion.
Table 7.1: Time windows used for energy curves fitting for all specimens
fc (MHz) tstart (µs) tend (µs) fcenter (MHz) tstart (µs) tend (µs)
0.2 8 430 1.6 8 135
0.4 8 350 1.8 8 120
0.6 8 265 2.0 8 120
0.8 8 235 2.2 8 120
1.0 8 210 2.4 8 100
1.2 8 190 2.6 8 90
1.4 8 165 2.8 8 70
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7.5.2.1 Dissipation
Figure 7.8 compares the average dissipation values recovered from the five locations
on the two specimens. Both specimens clearly show dissipation increase linearly with
increasing frequency. The cement paste specimen has higher recovered dissipation
values than the entrained air cement paste specimen. This observation is rather
important, since it confirms the earlier findings — the major factor of the attenuation
in cement paste specimen is the viscoelastic absorption in the cement paste matrix,
so that the entrained air cement paste, when entrained by air voids, yields lower
attenuation than the cement paste matrix. It is proposed here that the total volume
fraction of air voids (whether entrained or entrapped air voids existing in addition to
the cement paste) can be estimated by 1 - the ratio of the two dissipation slopes. That
is equal to 1− 0.93 = 0.07 or about 7% by volume. This result is consistent with the
result obtained from previous chapter and it suggests that the dissipation parameter
is sensitive to the total air content rather than the entrained air void content alone.
7.5.2.2 Diffusivity
Figure 7.9 shows a comparison of diffusivity values recovered from the two specimen.
Notice that diffusivity decreases with increasing frequency, the decreased diffusivity
means decreased mean free path; it also means higher probability of scattering. Thus,
stronger scattering is indicated at higher frequencies than at lower frequencies. The
two specimens show different diffusivities, with entrained air cement paste exhibiting
lower than the cement paste specimen. Thus, ultrasonic waves are more scattered in
the former specimen than in the latter. This observation is consistent with diffusion
theory since a larger number of voids means stronger scattering and thus, a further
delayed energy propagation. The observation is also a good indicator of heterogene-
ity. Diffusivity values indicate that entrained air cement paste is structurally more
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(a) Cement paste specimen















(b) Entrained air cement paste specimen
Figure 7.5: The five locations of the energy curve fits for (a) cement paste and (b)
entrained air cement paste specimen at fc = 0.3, 1.2, and 2.2 MHz.
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(a) Dissipation, σ (1/ms)














































(b) Diffusivity, D (m2/s)




























(a) Dissipation, σ (1/ms)














































(b) Diffusivity, D (m2/s)
Figure 7.7: Recovered diffuse parameters (a) dissipation, (b) diffusivity from entrained


































Figure 7.8: Comparison of averaged values of dissipation σ recovered from cement
paste and entrained air cement paste specimen
heterogeneous (more scatterers per unit area) than the homogeneous cement paste.
This difference is obviously resulted from the difference in the presence of entrained
air voids in the cement paste microstructure.
7.5.3 Intrinsic absorption in relation to the dissipation
The intrinsic absorption of a material can be directly to specific material features;
this relationship has been extensively studied in polymers and tissues, where internal
friction and viscoelastic dissipation losses dominate. If dissipation σ is a measure
of the intrinsic absorption (as convinced by its linear frequency dependency behav-
ior observed from the benchmark measurement) then dimensional analysis suggests




, where c is the average wave speed of the diffuse wave field measured by the
point detector. It is further assumed that the source transducer produces a wave field






























Figure 7.9: Comparison of averaged values of diffusivity D recovered from cement
paste and entrained air cement paste specimen
phase velocity of the longitudinal wave. Coherent measurement (referred to Table 5.1
and Fig. 5.6 in chapter 5) measures the phase velocity of longitudinal waves in the
cement paste specimen as 3750 m/s for the frequency range of interest (with limited
dispersion), so the dissipation values are converted to intrinsic absorption coefficient
and compared to the corresponding absorption attenuation directly with the cor-
responding absorption attenuation directly measured with a coherent measurement
technique; these results are shown in Fig. 7.10. There is good agreement between the
two values, which suggests that dissipation, σ, can be used as an equivalent measure
of intrinsic (material) absorption attenuation when the phase velocity is known.
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α  − converted from dissipation
α  − directly measured , coherent wavesa    
a
Figure 7.10: Comparison of the directly measured absorption attenuation (coherent)
and the corresponding value calculated with the measured dissipation and phase
velocity
7.6 Effect of cement-based material microstructure
on diffusion parameters
Using the knowledge obtained from the benchmark measurement, the ultrasonic dif-
fusion experiments were conducted on the seven specimens previously undergone co-
herent attenuation measurement testing. The description of these specimens were
described in chapter 6, section 6.1. Experimental waveforms were collected and an-
alyzed to obtain the average dissipation σ, and diffusivity D values following the
approach given in section 7.5 with exactly the same time-frequency analysis param-
eters. As was hypothesized and shown earlier in the benchmark experiment that
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dissipation σ and diffusivity D values observed in the benchmark specimens were all
influenced by the microstructure of hardened cement paste. It is expected that the
dissipation σ and diffusivity D values are observed to be different as going from one
specimen microstructure to the other. A comparative discussion of these results is
provided in the subsequent section.
7.6.1 Effect of entrained air voids and w/c ratio on dissipa-
tion
Figure 7.11(a) compares the variation of average dissipation values (in 1/millisecond)
vs frequency curve (in MHz) of material systems CP2, EACP1, EACP2 and EACP3.
These specimens contain different amounts of entrained air voids and share the same
w/c of 0.4. In all cases of Fig 7.11(b), linear regression for frequencies 0.3-2.2 MHz
shows dissipation values increase linearly with increasing frequency. The CP2 cement
paste specimen made with zero percent entrained air content exhibits the highest
recovered dissipation values. All other EACP specimens show different dissipation
values, with the EACP1, EACP2, and EACP3 exhibiting 5.5%,10.2%, and 13.9%
lower than the CP2. Since the specimens were cast in the same manner and should
have approximately the same volume. This observation is a strong indication that the
addition of entrained air voids in the cement paste matrix decreases energy dissipa-
tion. This experimental observation supports the mathematically derived theoretical
explanation of the attenuation model previously discussed in chapter 5 as it is shown
earlier in chapter 6 that the measure of dissipation could be used as the equivalent
measure of the absorption attenuation coefficient.
The case concerning water content influence on dissipation is also depicted here. The
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measured dissipation coefficients for specimens CP1, CP2, CP3 and CP4 are plot-
ted as functions of frequency and shown in Fig. 7.12(a). Linear regression of these
data for frequencies 0.3- 2.25 MHz shows very good linear dissipation dependence
of frequency and that is shown in Fig. 7.12(b). From this figure, CP1 specimen
which has the lowest w/c ratio of 0.3 shows the highest and steepest lineal slopes
in the energy dissipation curve while others exhibit in similar fashion but lower val-
ues (CP1>CP2>CP3>CP4) as the w/c ratio increases. In trying to explain these
results, the effect of the irregular capillary void comes first to mind. Under Power’s
phenomenological model, capillary voids are governed by w/c ratio and by the degree
of hydration. Capillary porosity is lower for cement paste with low w/c ratios. It is
plausible that more of these capillary voids cause stronger decrease of the dissipation.
While this is a good indicator of the presence of the capillary voids, no quantita-
tive conclusions are drawn from these results because specimens are expected to be
different as going from one to the other.
Finally, if dissipation is a measure of the intrinsic viscoelastic losses in the cement
paste then dimensional analysis suggests that dissipation, σ, is related to the ab-
sorption attenuation coefficient, αa, by αa = σ/c, where c is the average wave speed
of the diffuse wave field measured by the point detector. If it’s assumed that the
source transducer produces a wavefield which is dominated by the phase velocity of
the longitudinal wave. Using the method by previous research [82], the phase velocity
values of longitudinal waves in the CP1, CP2, CP3, and CP4 are measured for the
frequency range of interest. The measurement results are plotted and shown in Fig.
7.13(a). Using these phase velocity values, the dissipation values are converted to the
intrinsic absorption and these should be compared to the corresponding absorption
attenuation directly measured with a coherent measurement as presented earlier in
Fig. 6.3; these results are shown in Fig. 7.13(b). Obviously, the values obtained
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from the conversion do not match perfectly with the values obtained from the co-
herent measurement on one-to-one basis however they follow the same trend. That
is the CP4 specimen (w/c=0.6) shows the highest absorption attenuation while CP1
(w/c=0.3) shows the lowest absorption attenuation. The difference of the two values
may be due to the measurement variation of phase velocity. By default, a similar
trend suggests that dissipation, σ can be used as an equivalent measure of intrinsic
(material) absorption attenuation when the phase velocity is known.
7.6.2 Effect of entrained air voids and w/c ratio on diffusivity
The effect of entrained air voids on diffusivity is depicted in Fig. 7.14. A systematic
pattern of lower diffusivity values for the EACP specimens when compared to the CP2
specimen is observed in this figure. Thus, ultrasonic waves are more scattered in the
former case than in the latter, indicating that all EACP specimens are structurally
more heterogeneous than the CP2 specimen.
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This difference may have resulted from the differences in either the entrained air void
size or the entrained air void content in the volume of the EACP specimens. It is
obvious from the measurements that the entrained air void sizes are more distinguish-
able by the diffusivity. This is convinced by reasons that the diffusivity values in the
EACP1 and EACP2 are very close to each other and the diffusivity values obtained
from EACP3 specimen are more separable from the other two — the separation of
the two curves is more than 10% as opposed to the results reported in the coherent
measurement section.
The effect of w/c ratio on diffusivity is considered in Fig. 7.15. No systematic ef-
fects were seen as a function of w/c ratio. The almost equal diffusivity values for
the CP1, CP2, CP3 and CP4 suggests that the apparent difference in diffusive wave
characteristics between the specimens seems to be primarily a difference in the dis-
sipation characteristics of specimen rather than a difference in degree of scattering.
No quantitative conclusions are drawn from these diffusivity results; these diffusiv-
ity results are most likely dominated by the multiple reflections off of the specimen
boundaries, as opposed to scattering from the microstructure. This finding supports
the contention that the microstructure of CP1, CP2, CP3, and CP4 specimens, which
is mainly controlled by w/c, does not exercise significant influence on scattering but
on absorption.
7.7 Summary
The heterogeneous structure of cement paste is studied using an active diffuse ultra-
sonic experiment. The addition of entrained air voids, even with a small amount,
forms strong impedance contrasts for ultrasonic waves and causes scattering effects.
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Diffuse signals obtained from the experiment indicate strong scattering and the trans-
mission of scattered energy is governed by a diffusion equation with frequency depen-
dent dissipation and diffusivity. A time-frequency analysis combining with statistical
approach is applied to interpret these signals.
It is shown in this research that it is possible to calculate dissipation σ and diffusiv-
ities D from experimental data by fitting the energy curves to solutions of the two
dimensional diffusion equation. The results show a linear dependency on frequency
for energy dissipation; this behavior is similar to that of a polymer (hysteresis absorp-
tion) and is primary due to intrinsic viscoelastic losses in the cement paste. There
is also a reasonable correlation between these dissipation losses and the amount of
cement paste present in a sample. The measured diffusivity show qualitative trends,
but not that robust. Diffusivity has a limited capability to resolve variations in ce-
ment paste microstructure.
Overall, the application of diffuse field measurements provides a basic understanding
of the effect of microstructure of cement-based materials, supplying a first step in
the characterization of cement-based materials of microstructure of the cement-based
materials.
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(a) Averaged, recovered dissipation, σ























(b) Linear regression fit
Figure 7.11: Dissipation comparison for specimens with different entrained air content
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(a) Averaged, recovered dissipation, σ



























(b) Linear regression fit
Figure 7.12: Dissipation comparison for specimens with different w/c ratio
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CP1 (w/c = 0.3)
CP2 (w/c = 0.4)
CP3 (w/c = 0.5)
CP4 (w/c = 0.6)
(a) Phase velocities determined with coherent measurement.
































CP1 (w/c = 0.3)
CP2 (w/c = 0.4)
CP3 (w/c = 0.5)
CP4 (w/c = 0.6)
(b) Absorption values calculated with the measured dissipation and phase velocity.
Figure 7.13: (a) Phase velocities (coherent measurement) and (b) absorption attenua-
tion values calculated with the measured dissipation and phase velocity for specimens
with different w/c ratio
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This research demonstrates the effectiveness of using ultrasonic attenuation measure-
ment to characterize cement-based materials. The results of the studies further the
comprehension of the underlying mechanics of ultrasonic attenuation in cement-based
materials.
Chapter 5 reports attenuation characteristics of longitudinal ultrasonic waves in en-
trained air hardened cement paste. Benchmark experimental results obtained from
coherent measurements have been analyzed based on a theoretical estimation of scat-
tering as well as absorption losses, with explicit consideration of viscoelastic properties
of cement paste matrix. The simplistic independent scattering/absorption approxi-
mation has been employed in the numerical analysis in order to gain first insight into
ultrasonic wave attenuation in entrained air hardened cement paste, its dependence
on frequency, entrained air void size and volume fraction. The numerical results show
the capability of the model in predicting entrained air void size and volume fraction.
A minimization of the sum squared between the model and the experiments using
the Nelder-Mead downhill simplex algorithm results in a reasonable estimate of en-
trained air void size and volume fraction. It is important to note that the model
that is used on this study assumes spherical inclusions and does not account for any
possible distribution of different air void sizes, although it is shown in reality that air
voids in hardened cement paste are not all of the same size but instead will have a
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certain statistical distribution. By taking into account a distribution of two dominant
void sizes – entrained and entrapped air voids (each having a normal distribution), it
is demonstrated that there is a much better agreement between the theoretical pre-
diction and the experimental measured attenuation especially in the low megahertz
frequency range. A future work could include a cumulative frequency distribution of
void sizes, fractions into the inversion algorithm for a more robust techniques.
In chapter 6, the results of an experimental investigation quantify attenuation in
seven different cement paste specimens, each consisting of a different structural mor-
phology, are presented. Within a given material, there is considerability variability
in attenuation for different material volumes and that is due to the randomness and
variability present in cement paste. For systems of entrained air void in hardened
cement paste, the predominate attenuation feature observed in these experiments is
that scattering losses caused by air voids are not negligible when compared to the
absorption losses present. The use of well established scattering models enables the
use of the quantitative attenuation technique to accurately measure the entrained air
void microstructure of cement paste. The study also shows the dominant role of the
hardened cement paste microstructure (in the absence of entrained air voids), which
is controlled by w/c, in ultrasonic wave propagation affecting absorption attenuation.
This trend corresponds to the expected behavior similar to polymer and tissues. The
phenomenological model is used in this study to indicate the microstructural contri-
bution in relation to the ultrasonic absorption mechanism. Further theoretical studies
could lead to the more effective measuring w/c ratio technique.
Chapter 7 explores the application of the diffusion approximation and diffusion theory
to the measurement of ultrasound attenuation in hardened cement paste specimens.
137
Specimens previously used in chapter 6 were undergone diffuse ultrasonic model ex-
periments. Not only the study shows that it is possible to quantify the dissipation
losses in cement paste both with and with out entrained air voids but these dissipa-
tion values are shown to be relatively robust to quantify differences in microstructure
such as the existence of entrained air voids. More importantly, it is shown that these
dissipation values can be related to the absorption attenuation values measured with
a coherent ultrasound procedure (if the phase velocity is known). The results show
a linear dependency on frequency for energy dissipation which is similar to that of
a polymer (hysteresis absorption) and is primarily due to the intrinsic viscoelastic
losses in cement paste. A reasonable correlation between these dissipation losses and
the amount of cement paste present in a sample is reported. The measured diffusivity
values also show qualitative trends. The results from test specimens show different
diffusivity values with entrained air cement paste specimen exhibiting lower than
the cement paste specimen. Lower diffusivity means higher probability of scattering.
Thus, the values are capable of differentiating the specimens. It is however uncertain
if the diffusion values obtained can be used to resolve variations in size and volume
fraction of entrained air voids. Further studies should examine the connection be-
tween this parameter and some type of statistical approach which can then be related
to the information about void size and distribution.
Given the obtained promising results for cement paste, further studies are necessary to
establish the nondestructive measurement that could be useful for the characterization
of concrete structure in situ.
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Appendix A
The calculation of cross section
expressions for the scattering of a plane
longitudinal wave by a spherical cavity
The formal analysis of elastic waves scattering by a spherical obstacle has been given
by Ying and Truell [57]. Therefore, those equations can be directly adopted.
A.1 Representation of waves and solution of equa-
tions of motion
Consider a plane, simple harmonic wave, has a unit of amplitude and propagates




where ui is a function of the spatial coordinates only (e.g. z̄e
−ikz), ω is the angular
frequency, ūi is a unit vector in the positive direction of the z-axis, k is the wave
number and ρ is the density of the medium.
On using the spherical coordinates with origin at the center of the sphere, the z-axis
is the axis of symmetry for all the waves. Then the solution of the equation of motion
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for a general displacement u in an isotropic medium can be written as
u = −∇Ψ + ∇× [∇× (rΠ)], (A.2)
where the potentials Ψ = Ψ(r, θ) and Π = Π(r, θ) represent the longitudinal and
transverse parts of the waves and satisfy the equations













Here k and κ are the longitudinal and shear wave numbers in the medium surrounding
the cavity. λ and µ are the second order Lamé constants of the medium.
Assuming an incident longitudinal wave, the solution to the wave equation is assumed







(−i)m+1(2m+ 1)jm(kr)Pm(cos θ) ; Πi = 0 (A.5)
where jm(ξ) is the spherical Bessel function of the first kind of order m, Pm is the
Legendre polynomial of degree m.
When a travelling wave impinges on the cavity, scattering occurs. Subsequently, the











Here hm(ξ) is the abbreviation of h
(2)

















(2)(ξ) being the Bessel function of the third kind.
In choosing these forms of the expressions for the scattered wave, it has been borne





which represents an outgoing simple harmonic spherical wave, as to be physically
expected. Noting that there are two sets of unknown coefficients — Am and Bm that
have to be determined from the boundary conditions. In the case of a spherical cavity
of radius a, the boundary conditions at r = a are
σrr
(i) + σrr
(s) = 0 (A.9)
σrθ
(i) + σrθ
(s) = 0 (A.10)
A.2 Expression for displacements and stresses
It can be shown that displacements and stresses for all the waves can be expressed























































































































































It should be noted that the equation (A.19) can be obtained using one of the properties
of associated Legendre functions in the book by Arfken and Weber pp. 722 [83]. Now



































(m(m+ 1))BmPm(cos θ)hm(κr)] (A.21)






















R + [k2 − m(m+ 1)
r2
]R = 0 (A.23)

































Notice that the second term presented in this equation can be cancelled with the one
shown in Eq. (A.25). Now combine Eqs. (A.21), (A.25), and (A.26) to get to the














































































































































































































































[(A.34) − (A.35) + (A.36) + (A.37) + (A.38)] (A.39)
If a factor of 2 is being multiplied through the expression above, two terms (one
appears in Eq. (A.36), the other is the second term appears in Eq. (A.37) can be
grouped using the modified Bessel properties in the book by Arfken and Weber pp.



































P (cos θ) (A.41)
Substitute Eqs.(A.34), (A.35) and Eq. (A.41) into Eq. (A.39) to get the σ
(s)
rθ expres-


























P (cos θ) (A.42)
Now let us determine the displacement components. Start with ur
(s)
ur




















BmPm(cos θ)[(−m(m+ 1))hm(κr)] (A.45)
Therefore the ur


































































































































































For the incident wave, stresses and displacements are computed in the same manner














































































A.3 Scattering cross section expression
From the displacement and the stress of the scattered wave, the scattering cross sec-
tion can be computed. The scattering cross section is defined as the area, which if
placed into the incident field normal to the direction of propagation, would intercept
an energy flux equal to that of the total scattered wave field through a closed surface
which contains the scatterer.
Followed Ying and Truell [57], the energy flux F (s) of scattered waves through a
spherical surface having a radius b that completely surrounds the spherical void object
of radius a. On writing in the spherical components,




) · ndA, (A.58)
where Σ, and u are the complex stress and displacement tensors and n is the outward
unit normal to the surface of integration which bounds the volume under the consid-
eration. Since only the real or the imaginary parts of the complex stress and displace-
ment tensors shall be used for the computation of the energy, one uses Σ = 1
2
(Σ+Σ∗)
and u = 1
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r − σ∗rrur = σrru∗r − (σrru∗r)∗
A− A∗ = 2Im[A]
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θ]. Also, if one assume that b is












































For mathematical simplicity, one shall use important relations for spherical bessel





































(s) in terms of hm terms and one has
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At the end we get the rate F (s)













The scattering cross section is usually defined as the ratio of the total energy scattered
per unit time to the energy per unit area carried per unit time by the incident wave,
the unit area being normal to the propagation direction of the plane incident wave.
The rate of energy transport per unit area for the incident wave is found to be
F (i) = ρω
3
k











Although it is not obvious, γsca has the dimensions of area. Such coefficient is very
useful in experimental detection of voids.
It is also interesting to see that the function γsca from A.67 is closely connected
with the value of the field u(r, θ = 0)(s) of scattered waves that is observed along the
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positive forward propagation direction in the far-filed. At large distance from the scat-
terer, the radial displacement component is approximated by ur
(s) ∼= f(θ)e(−ikr)/r.
The term f(θ) is denoted as the far-field scattering amplitude of the longitudinal
wave. In the far-field, spherical Hankel functions can be approximated as Eq. (A.61).






For the special case of the forward propagation direction, one obtain





by using Pm(1) = 1.
Through the optical theorem [49], a different expression for scattering cross-section




The expression in Eq.(A.70) is a useful relationship between the amplitude of the
forward scattered field and the total energy scattered in all directions by the inclusion.
A.4 Determination of the series coefficients from
the boundary conditions
Having found expressions for the stresses and displacements, one make use of the
























































(kr) − jm(kr) (A.76)


























− hn(kr) = (n− 1)hn(kr) − (kr)hn+1(kr)
Using these relations together with the modified bessel equation, the H and J com-























Numerical calculations can be performed different kr for the longitudinal wave scat-
tering by a spherical cavity in a solid matrix. The matlab program can be used. The
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basic factors involved in the calculations are as follows:
(1) Parameters-the input parameters, which characterize a given computation, are
ρ, cl, cs, which signify, respectively, the density, the longitudinal and transverse veloc-
ities in the matrix medium and cavity. The other quantities relevant to the compu-
tation such as normalized wave numbers ka, κa are also computed.
(2) Bessel and Neumann functions - the coefficients Am and Bm which appear earlier
in the previous section involve spherical Bessel and Neumann functions of the normal-
ized wave number ka. In performing these calculations, the functions are computed
by means of a computer subroutine.
(3) Linear equations - the computation necessitates numerically solving for Am and
Bm coefficients. The method which is used is usually one of matrix inversion, where
the solution matrix can be found by multiplying the inverse of the matrix.
(4) Series Summation - It has been reported elsewhere that typical calculation re-
quires the summation should be carried out until the ratio of the current term to the
current partial sum is less than 0.00001. A general rule of thumb is to use a number
of m approximately equal to ka+ 6. This is generally true for most materials.
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Appendix B
Ultrasonic hysteresis absorption of Lucite
Lucite methyl methacrylate polymer was among the first plastics derived from petro-
chemical. It is sold by the short tradenames Plexiglas, Acrylite, Perspex and is
commonly called acrylic. The material is often used as an alternative to glass be-
cause it is lighter. Its density is about 1190 kg/m3 which is half of that of glass. It
is not shatter, softer and can be easily formed by heat. It also transmits more light
( 92% of visible light than glass ). Unlike glass, PMMA does not filter ultraviolet
light. Some manufacturers coat their PMMA with UV films to add this property.
Other uses include laser discs, rear light of cars, windows, and dental implants.
Reliable absorption attenuation measurements were made on PMMA by Hartmann
and Jarzynski [46] and reported in a recent book by Cheeke [60] over a wide ultrasonic
frequency range. In this study, measurements of longitudinal wave phase velocity and
absorption attenuation with a PMMA specimen serves as a testing ground for a mea-
surement accuracy of absorption attenuation measurement in hardened cement paste.
The PMMA used here was provided by GE polymerland, an authorized distributor
of Altuglas and was received in the form of a cast thick plate. The specimen is 5” x
5” x 1” (12.7 cm x 12.7 cm x 2.54 cm). The same experimental setup as is sketched
in Fig. 5.6 is used. Ultrasonic pulses are sent from one transducer to the other with
the specimen in the path of the ultrasound beam.
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Followed the methodology presented in Chapter 5, longitudinal absorption and phase
velocity at room temperature of the PMMA specimen are measured for a frequency
range of 0.5 - 5 MHz. The results are plotted and shown in Fig. B.1 and Fig
B.2. As can be seen from Fig. B.1, the major component of the room-temperature
longitudinal absorption attenuation in PMMA has a linear dependency of frequency.
This type of the absorption is referred to as a hysteresis absorption [47]. A hysteresis
absorption is one for which the absorption αa per wavelength is constant. That is
αaλ = constant. As with PMMA, the data shown in Fig B.1 follow a straight line
and the αλ (longitudinal) is estimated to be equal to 0.045 Np at room temperature.
The longitudinal phase velocity is found to be 2787 m/s. For PMMA, Hartman and
Jarzynski [46] finds αaλ = 0.022 Np and cL = 2787 m/s for Lucite (optical grade) and
Cheeke [60] finds αaλ = 0.045 Np and cL = 2750 m/s for clear Plexiglass G (lower
density as compared to the optical grade one). Guided by the above values, it can
be seen that there is some variability in published values, particularly for absorption
attenuation. Within experimental accuracy, the given measurement values are within
the range of published values.
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Figure B.1: Longitudinal absorption vs frequency at room temperature for Lucite
156




























Figure B.2: Longitudinal phase velocity vs frequency at room temperature
157
Appendix C
Void sizing using Image-Pro Plus
This appendix describes the void size measurement technique using a commercial im-
age processing and analysis software, Image-Pro Plus. Noting that the software runs
on Window 98 Pro platform and the following steps summarize the procedure.
1. Preparing the specimen for testing
When analyzing air void size of hardened cement paste samples, the image can be
analyzed best if the test specimens are polished to provide a smooth surface for mi-
croscopic examinations. The preparation includes grinding and polishing, which are
accomplished by hand on a general purpose variable speed grinder/polisher ECOMET
4. Polishing is done by using silicon carbide grit no. 240, 320 and 600 as abrasive. The
purpose of polishing the surface is to remove any deformations as well as scratches
induced during the saw-cutting process. At the end of preparation stage, the speci-
men is cleaned thoroughly to remove any polishing deposits. No materials were used
to enhance contrast between the air voids and the cement paste matrix.
2. Image acquisition
Images of hardened cement paste specimens are captured using the image analysis
system. The system consists of a Leica SZX2 stereomicroscope, a video camera, and a
computer with Image-Pro Plus image analysis software. The microscope has a zoom
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objective lenses with stop setting of 0.63X magnification. To begin with the acquisi-
tion, one must do the following:
a) Setting up the microscope: Turn on the light source of the microscope and adjust
light intensity to an appropriate level using the knob at the right and rear of the
microscope base. The illumination bench has Bright Field (BF) and Dark Field (DF)
capabilities, and either mode shall be selected from the detector switch located at the
front of the microscope base to make the edge of the void more visible. Alternatively,
two spotlight microscope lamps can also be used to provide illumination at a low
and variable incident angle to the surface, so that the air voids are demarked by a
shadow. Next, select the zoom position to the lowest magnification, and then place
specimen on the specimen holder. If the voids are very small, other magnifications
may be selected. In general, it is beneficial to have a focus clear, large number of
voids in the field of two-dimensional planar view.
b) Acquiring and saving the image: Open the Image-Pro Plus software (double-click
on the IMAGE ANALYSIS icon on the desktop) if it’s not open already. Figure C.1
shows the first screen that opens up when the program starts, and points to a few
of the icons and menus mentioned below. From the “Acquire” menu select “Scan”,
when the picture appears on the screen, fine-tune the focus if necessary and click
“Capture” button in the image dialog box. To save the image, click on “File” menu,
select “Save as...” and type a name that identifies the picture and select the folder
with appropriate name and file type for later use.
3. Performing size analysis
Once the desired image has been saved to the disk, a void size analysis can be done
using the software. The following list of steps is provided only as guide. More detailed
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Edit Menu Acquire Menu Spatial Calibration Count/Size 
Icon Icon
Figure C.1: First screen of the image analysis program showing a typical image
explanation should refer to the software manual.
a) Select image scale: The program relies on a series of reference images of known size
to determine the actual size of the items on a picture (e.g. a ruler). These calibrations
are necessary and for this study they have been made (in millimeter units). To do
this select the “Spatial Calibration” icon (see Fig.C.1) and from the list select the
appropriate zoom position used (for example if the 0.63X zoom position is used with
the microscopic objective, select “SZX2-63” from the list)
b) Select measures to report size: There is a large amount of measures that can be
reported. To get a report on void size, click on the “Count/Size icon” (see Fig C.2)
and when the “Count/Size” window appears, select the “Measure” menu then the
“Select Measurement...” option. This will open up the “Select Measurements” win-








Figure C.2: Segmentation window showing the measurement example
voids counted, with yellow circle and a number assigned to each void. Figure C.2
shows this window and its regions. Sometimes, if air voids are not well demarked
or separated very well by shadows, two or more voids will be measured as one. To
correct this, a variety of ways can be selected from the program to try to separate
the image of these voids either automatically or manually. For example, “Watershed
Split” can be selected from the “Edit” menu in the “Count/Size” window. Each time
a split option is used the program will select a proper threshold value (to differentiate
the background from the image objects of interest), recount and remeasure the size
of voids.
c) Viewing measurement values: Once the voids have been sized and counted, the
results can be viewed by clicking on the “View” menu of the “Count/Size” window.
The “Measurement Data” option will produce a summary of void radius data. Data
file, “Measurement Data”, can be directly exported to Excel files using the “DDE to
Excel” option in the “File” menu in each of the data windows.
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